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CHAPTER I. INTRODUCTION 


A. Purpose 

Any object placed in space will be immersed in a macroscopically 
neutral con^omeration of positively and negatively charged particles, as well 
as neutral particles, generally called a plasma. The space plasma is found 
throughout the observable universe and, although ver} tenuou s an impor- 
tant component of the space environment and enters into many al phenom- 
ena. When some relative motion exists between a body and the surrounding 
space plasma, a conq)lex interaction occurs which modifies both the electro- 
dynamic characteristics of the body and the flow field of the plasma. Such 
plasma-electrodynamic interactions occur frequently in nature and take on a 
wide variety of forms; planetary magnetospheres and comets are well known 
examples. 

The interaction of the ionospheric plasma with orbiting spacecraft (to 
which this study is limited) is, from the scientific point of view, the only 
example of a natural plasma flow interaction w-hich is readily available for 
study in Its entirety. The only other readily available interaction is that of the 
geomagnetic field with the solar wind, which is of such a scale that it must be 
studied piecewise. From the measurement technology point of view, the iono- 
spheric plasma in the vicinity of the spacecraft is disturbed and does not repre- 
sent the ambient medium. For example, charged particles are accelerated as 
they approach the spacecraft so that measurement of the energy distribution and 
concentration of thermal particles are adversely affected. In this sense, the 
spacecraft -space plasma interaction is a rather complex example of the classic 
problem of the measurement perturbing the medium being measured. It there- 
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fore becomes apparent that a thorough understanding of the physical mech- 
anisms involved in this interaction and their dependences on various plasma 
and spacecraft parameters ( also known as ionospheric aerodynamics) is of 
fundamental interest from both scientific and technological points of view« 

A'*^hough it has long been recognized that the spacecraft-space plasma 
interaction occurs and can adversely affect measurements of the ambient geo- 
plasma, most space missions have involved tingle saioUites which, a priori, 
could provide only very limited information. Therefore, with the possible 
exception of the Gemini-Agena 10 and 11 missions, no deliberate and system- 
atic attempt has been made to study the nroblem in space. As a result, the 
available in situ data are incomplete in spatial coverage and fragmentary in the 
sense uiat seldom were all the necessary measurements made. These data 
are, therefore, incapable of providing a well grounded understanding of the 
problem. 

In the absence of definitive in situ measurements, a large number of 
theoretical and ground-based experimental studies have been made. Although 
much valuable information has been gained from these efforts, both approaches 
have their limitations and the field of ioiiospheric aerodynamics is far from 
being well understood. Not all aspects of the problem have been studied 
adequately, even within the current experimental and theoretical limitations, 
and the results of previous studies have not been correlated sufficiently; some 
are even contradictory. 

The present experimental investigation treats specific aspects of the 
plasma flow interaction with conducting bodies and includes previously 
unavailable vector ion flux measurements in the zone of disturbance. The 
underlying objective of the present study is, therefore, to d^aw the existing 
information together and integrate it with the results of the present experi- 
mental investigation into a unified and definitive parametric treatment of tlie 
problem. 
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B. Statement of the Problem 


1. General Characteristics of the Ionosphere . As already stated, the 
medium in which artificial satellites orbit is a plasma; i.e., it is a gas which 
is sufficiently ionized that its behavior is dominated by electrostatic interac- 
tions rather than hardsphere collisions which characterize the neutral atmo- 
sphere. We further note that the ionospheric plasma is considered to be in 
thermodynamic equilibrium and collisionless on the scale of the orbiting 
satellite and Ute disturbance surrounding it. 

The ic x)spheric medium obtains these characteristics primarily from 
three piocesses. First, whereas the lower atmosphere is mixed by wind and 
weather systems and therefore maintains a uniform composition r.t all altitudes 
up to approximately 100 km, above this point the low altitude disturbances and 
solar generated current systems are tor weak to produce an effective mixing, 
molecular diffusion becomes the dominant transport process, and the atmo- 
sphere becomes stratified in accordance witli Dalton's law; i.o. , the various 
constituents diffuse through each other and become dominant at different 
altiti es. The upper 'ayers are dominated by lighter constituents while the 
hea.ier molecules gravitate to lower altitudes (Figure 1-1). The second 
process is excitation and ionization of these gas layers, primarily by solar UV. 
The gases in different layers have different ionization potentials and, there- 
fore, the rate of UV absorption and, hence, ionization is not uniform. The 
third process is the recombination of the ionized molecules with free electrons. 
Again, this rate varies with different gases and depends on pressure. The net 
result is the creation of layers of high ionization at certain altitudes known as 
the D, E, Fj, and F 2 layers shown in Figure 1-1. Most ionospheric satellites 
move within or above the F -peaks. 

Although it is recognized that the ionosphere is not uniform and that 
variations in composition, current systems, and other complicating factors do 
exist, for the purpose of the current study, typical global characteristics in 
the altitude range 150 to 1200 km will oc sufficient. These are provided in 
Table 1-1. Note that the orbital velocity is me t. , in between the 
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Figure 1-1. Typical ion and electron concentrations in the 
ionosphere for mid-latitude daytime. These values 
change with the diurnal cycle. 


thermal speeds of the massive ions and the electrons) and the mean-free -path 
for all collisions is much larger than typical satellite dimensions. Many 
of these conditions can be created in laboratory synthesized plasma, as dis- 
cussed in Chapter ni. 

2. Characteristics of the Interaction. The physics of a body immersed 
in a quiescent, collisionless plasma is well understood: the body takes on an 
electric (floating) potential which tends to balance the flux of charged particles 
to its surface so that no net electrical current flows. The plasma tends to 
shield itself from this potential by creati.,;; a region of unequal ion and electron 
number density surrounding the body, called the plasma sheath, in which the 
floating potential on the body is matched to the space potential of the plasma. 

When a relative motion exists between a body and its environmental 
space plasma, an interaction occurs which is far more complex than the simple 
quiescent case. A redistribution of surface charge occurs on the body and the 
4 
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TABLE 1-1. GENERAL CHARACTERISTICS OF THE IONOSPHERE* 
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zone of disturbance in the plasma is no longer radially symmetric, regardless 
of bod>’ geometry. When the relative motion bet^\een the body and plasma is 
mesosonic, as it is in the lower ionosphere, several characteristic processes 
have been found to occur. 

Beginning at the body, the plasma sheath on the frontal side may je 
compressed to some extent by the directed motion of the ions. Immediately 
behind the body, the more massive particles are swept out leaving a region 
essentially void of ions and neutrals. Although the electron mobility is suffi- 
ciently great to populate the void region from velocity considerations, a nega- 
tive space diarge potential is created by Iheir presence which tends to impede 
their motion into the region. Hence, the void region which occurs in the wake 
near the body is highly depleted of all charged and neutral particles. 

The way in which the void region is repopulated may result from a 
variety of mechanisms including focusing of ions into this region by the electric 
fields in the plasma sheath surrounding the front half of the body, ambipolar 
diffusion, thermal diffusion, and various plasma oscillations or instabilities. 
The specific mechanisms which dominate the repopulation process will depend 
on the various body and plasma parameters. For example, the dominate 
mechanism for interactions where the body is comparable in size to the sheath 
thickness would most likely be the electrostatic focusing of ions onto the wake 
axis b\ U\e electric field within the sheath; whereas, for interactions where the 
body is much larger than the sheath thickness, this effect would be relatively 
unimportant and some other mechanism such as ambipolar diffusion might be 
expected to dominate. 

CHher physical characteristics of the plasma wake include its initial 
width near the body, the rate at which the dis^'urbance propagates outward 
downstream from tlie body, and effects that occur in the wake after the void 
region has been repopulated. For example, in cases where the electrostatic 
focusing in the plasma sheath dominates, a region of significant ion number 
density enhancement has been observed to occur on the wake axis at the 
crossing iwint of the deflected ion tra.?ectories. This region of enlianced ion 
number density is thought, in turn, to create a positive space potential which 
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further deflects the trajectories of seme ions and electrons. Farther down- 
stream, recurring r^ions of enhanced ion density may occur and pre^agate 
outward from the v/ake axis with a ”wave-like” behavior. The generating 
mechanism for this recurring effect and the exact nature of the associated 
wave-like structure are not presently known. 

The discussion, so far, has dealt only with simple conducting bodies 
and non-magnetized, coUisionless plasmas. Clearly, other complicating fac- 
tors exist, such as solar IJV, secondary electron emission, collisional effects, 
chemical reactions, and magnetic fields. Since the relative motion between the 
body and the plasma is supersonic with respect to certain ion plasma waves, 
a collisionless shock wave may be expected to occur under some circum- 
stances. It is further thought that secondary electron emissio'' may lead to 
non-monotonical matching in the plasma sheath of the floating potential of the 
body with the generally more positive space potential of the environmental 
plasma. Although it is recognized that these effects may possibly occur in 
space, they are considered as modifications to the basic electrostatic inter- 
action and are, therefore, beyond the scc^e of the present study wHch will 
treat only conducting bodies in a collisionless, unmagnetized, binary plasma. 

C. Approach 

To accomplish the purpose of drawing the available ejq}erimental and 
theoretical results into a unified treatment, it is necessary to undei stand the 
complete meanings and limitations of the previous studies. This involves 
looking beyond the conclusions reached and into the methods and techniques 
invoked to arrive at diem. A detailed, critical review of previous studies is 
given in the Appendices to provide the evidence in sufficient detail to constitute 
a meaningful basis for tlie conclusions reached. A brief summary and assimi- 
lation of the main results are given in Chapter II. 

The reviews in Ch^ter II and Appendices B, C, D, and E also show 
that not all aspects of the plasma flow interaction previously discussed in B. 1 
are fully understood. For example, the focusing of ion streams into the ion 
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void region of the near wake has been presumed on the basis of systematic 
wave-like vsa*iations of ion current density profiles further downstream. How- 
ever. these measurements are scalar in nature and no deflected ion streams 
have actually been deserved. In addition, quantitative comparisons between the 
various theoretical treatments and experimental results are essentially nonex- 
istent. This may be due partially to the frs^mentary nature of the treatments, 
but also results from the nature of the experimental measurements. In the 
past, experiments have depended entirely on measurements of integrated 
current to arrays of points in space. By ^'integrated" it is meant that there 
was little or no distinction as to the flow direction so that the measurements 
consisted of the total current to a point and were, therefore, scalar rather than 
vector in nature. Quite clearly, a valid corroboration of the kinetic treat- 
ments. where the results are given in terms of distribution functions which 
remain constant along stream lines, requires experimental vector measure- 
ments of the ion flux in addition to the standard measurements. Further, 
scalar measurements cannot always yield accurate ion density and energy data, 
particularly within the disturbed flow of the plasma wake, and may be insensi- 
tive to processes which depend on the vector nature of the ion flux. 

Chapter Dl provides a discussion of the experimental conditions, 
methods, and the data analysis techniques for the current investigation while 
Chiqiter IV is a detailed analysis of the results. In essence, this experimental 
study provides a more complete parametric description of the near and mid- 
wake regions and also gives, in a preliminary way, the much needed descrip- 
tion of tl e vector ion flux behavior in the disturbed flow. 

Chapter V is a summary discussion of the results obtained in the con- 
text of the physical process found to take place in the flow interaction of a non- 
magnetized plasma with conducting test bodies. The discussion draws freely 
from the results of previous studies as well as the current series of experi- 
ments. Where possible, the conclusions are extrapolated to describe the 
expected behavior of the disturbed plasma flow field around bodies orbiting 
within the ionosphere. 
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CHAPTER II. A CRITICAL REVIEW OF PREVIOUS INVESTIGATIONS 


A. Theoretical Investigations 

1. Mathematical Formulation. The theoretical investigation of plasma 
flows can be approached from two distinct, but related points of view. In the 
kinetic approach, the flow is considered to result from the net motion of a 
large collection of particles. This ensemble may consist of several types of 
particles, each interacting with the other constituents tlirough the appropriate 
interparticle forces. Therefore, the kinetic approach consists of applying the 
laws of mechanics to the motion of the individual particles of the ensemble and 
applying statistical techniques to determine the mean value of the particle 
motions which are observable on the macroscopic scale. On the other hand, 
the continuum (or fluid) approach considers a streaming fluid which is divis- 
ible into a large number of macroscopic fluid elements. The behavior of each 
clement is taken to represent the average motion of its constituent particles. 

Although equivalent macroscopic descriptions of the flow are arrived at 
through these two approaches , the cumbersome mathematics involving the 
statistical distribution functions of kinetic theory can be circumvented by the 
continuum approach. Needless to say, this simplification is achieved at the 
expense of detailed information on the microscopic state of the plasm?. 
Therefore, a clear understanding of the nature of the two approaches is 
required when considering their application to a specific problem. In some 
cases, a clear choice can be made; e.g. , it is much more convenient to use 
the fluid formulation when dealing with a high density, collision dominated 
medium, while the kinetic approach must be used to describe the behavior of 
very low density neutral gas flows where no collective behavior occurs and no 
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meaningful fluid element can be defined. However, in the case of low density 
plasmas, even though discrete collisions maybe unimportant, a collective 
behavior may occur as a result of long range forces and, hence, the continuimi 
^proach may be used — provided that it is not necessary to know the nature of 
the distribution functions and their behavior in space and time. 

Because of the importance of the relationship between the kinetic and 
continuum approaches and the specific limitations of each to the interpretation 
of theoretical results, these two approaches will be formulated before discuss- 
ing the various tlieoretical treatments reviewed in Chapter II. A. 2, 

a. Kinetic Equations. Since a plasma consists of a number of 
different t>-pes of particles, including electrons, ions, and neutral molecules, 
a complete statistical description of the state of the plasnr.a requires a separate 
function, f (x, v,t) , to describe the distribution of each constituent in six 

O' 

dimensional phase space at some given time. Each of these distribution func- 
tions is the solution of a Boltzmann equation of the form; 


8f 81 8f 

-^ + r*-^ + q [E +7x B^Cl • - 7 ^ 
0t 0x O' 9v 



( 2 - 1 ) 


which describes the rate of change of f in space and time. Alternatively, it 

o 

can be viewed as a statement of the conservation of particles existing in an 

elemental volume of phase space, d*x d*v . 

The Lorentz force, q [E + v x B/Cl, results from the self-consistent 

o 

electrostatic and magnetic fields which account for "distant collisions" of 
particles with long range forces. A collective behavior then results from 
Coulomb interactions between groups of charged particles. The term on the 
right-hand side of equation (2-1) , (8f /8t)^, accounts for short range, 
discrete collisions, which may be electrostatic in nature (between two charged 
particles) or "hard sphere" tjpe collisions. 

One of the fundamental assumptions of plasma physics is this ad hoc 
division of the interactions between groups of particles into long range, collec- 
tive, and short range, discrete, collisions and the assumption that the former 
dominates (1). 
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The Lorentz force is made self-consistent by requiring' it to satisfy the 
Maxwell equations; 


V X B 


1 

c dt 


+ 4jt J 


( 2 - 2 ) 


V X E 


1 ^ 
c at 


(2-3) 


and the Poisson equation: 

V • E = , (2-4) 

where J is the total current flow and p is the net charge density. 

c 

The current and net charge density, in turn, def>end on the distribution 
functions of the plasma constituents (solutions of the Boltzmann equations) 
through the relations 


J=J +^q /vf (x,v,t) d*v 
ext or a 

a 


and 


(2-5) 


J d*v . (2-6) 

O' 

Equations (2-l) through (2-4), subject to the definitions (2-5) and 
( 2-6) , form the governing equations for plasma flow interactions. This set of 
partial differential equations is coupled and nonlinear. Clearly, a general, 
analytical solution is not possible with the presently available mathematical 
tools. Even a numerical solution would be extremely unlikely as the system of 
equations stands. Therefore, a number of simplifying assumptions and 
approximations are generally made in kinetic treatments to obtain a •^ractable 
problem. 

First, in almost all kinetic treatments, it is assumed that the flow 


interaction exists in a steady state so that there is no description of time 
dependent effects. While this obvi sly has a great impact on the complexity 
of the equations, its physical justification is questionable. There is, in fact. 


ll 



experimental evidence that indicates possible wave particle interactions in the 
wake region. Nevertheless, with some exceptions in which an extremely 
simplified geometry was evoked [2] , this assumption is necessary to obtain a 
solution. 

A second assuniption which is generally made is that the mt^netic field 
can be omitted in the first order solutions. There is some experimental justi- 
fication for this assumption under certain conditions, which will be discussed 
in a later section. When the plasma contains no magnetic field, the Lorentz 

force reduces to q E. The assumption that B = 0, coiqpled with the previous 
or 

assumption that 8/9t=0 eliminates Maxwell equations (2-2) and (2-3) , 
leaving only the Poisson equation (2-4) which the electric field must satisfy. 
From equation (2-5), we see that the only currents possible are those result- 
ing from external forces, which are generally omitted. 

The third major assumption is that the plasma is "collisionless." This 
means that, although lor^ range, collective interactions will occur and must be 
considered, the short range, discrete collisions occur so infrequently as to 
have a negligible effect on the behavior of the plasma. This assumption has a 
dual impact on the mathematical formulation. First, since the discrete 

collisions are negligible, we set (9f / 8t) = 0 and equation (2-1) becomes 

cv c 

homogeneous (the Vlasov equation). Secondly, since neutral particles can 
only interact through discrete collisions (which are assumed to be negligible) 
they can be completely neglected. We, therefore, only require time independ- 
ent collisionless Boltzmann (or Vlasov ) equations for ions and electrons; 

i. e. , 


_ 8f. 

'v • — + q E 
9 X i, e 


9f. 

—lie 

9T 


0 . 


(2-7) 


A fifth generalassumption, usually made when describing plasma flow 

interactions of the ionosphere with orbiting spacecraft, is that the flow is 

mesothermal; i.e., c. « V « c where c is the mean thermal speed of 

1 o e i,e 

ions or electrons and V^ is the orbital speed. The left-hand part of the 
inequality states that the mean thermal velocity of the ions is negligibly small 
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compared to the relative motion between the body and the plasma. The ions can 
therefore be assumed to behave as a monoenergetic stream (no thermal 
motion) . The electrons, on the other hand, have a mean thermal speed much 
greater than the orbital speed and it can therefore be assumed that they are 
unaffected by the presence oi the body and maintain a Maxwellian distribution. 
The distribution of electrons is therefore known everywhere (if the self- 
consistent electric potential is known from the Poisson equation) . The ion 
distribution is known far from the body ( in the ambient medium) but must be 
calculated in disturbed regions. The solution for the ion and electron densities 
and the electric potential can be approached in several ways, depending on the 
boundary conditions used at the body and in the undisturbed medium. 

The boundary condition at the body generally states that the body is an 
equipotential surface and that all incident charged particles are neutralized; 
i. e. , no charged particles are reflected from the surface so that, in effect, 
the ion and electron distribution functions are zero there. In most kinetic 
treatments, the body potential is assumed to go to zero (to the space potential 
of the plasma) infinitely far from the body and the resulting electric field is 
obtained in a self-consistent way by taking into account its effect on charged 
particles and, conversely, the screening effect of the charged particles on the 
body potential. In some fluid treatments, the potential is assumed to approach 
zero at some distance from the body (i.e., a sheath thickness is assumed). 

The boundary conditions are important since they determine the nature of the 
flow interaction. They are discussed separately for the various theoretical 
treatments in Appendices B and C. 

b. The Continuum Equations . The set of equations which governs 
the continuum description of plasma flows consists of conservation equations 
for mass and momentum, the equations of state, and the Maxwell equations. 

The conservation equations can be derived by considering the flow of the 
appropriate physical quantities through macroscopic control volumes. How- 
ever, they are derived in Appendix A by taking moments of the Boltzmann 
equation to show more clearly the relationship between the continuum and 
kinetic descriptions. The continuity equation from Appendix A is of the form: 
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where u is the average, or drift velocity of the o -constituent. The momen- 
o 

turn transfer equation was found to be; 
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where 

D/Dt = a/0t + u*v 

X 


The electric and magnetic fields are made self-consistent in the con- 
tinuum formulation by requiring them to satisfy the Maxwell equations (2-2), 
(2-3), and (2-4), (The remaining Maxwell equations are redundant.) In this 
case, however, averaged quantities must be used so that the charge and current 
densities are defined as; 

P = X q n (2-10) 

c ^ o o ' 

o 

and 

r = V q n "ir , (2-11) 

— ' o o o ' ' 

o 


where the summation is over all charge-carrying constituents of the plasma. 

The ass'^mptions required in deriving equations (2-8) and (2-9) are 
that: (l) there is no annihilation or creation of charged particles by discrete 
collisions (or by other means) ; (2) the plasma is isotropic; i.e, , c ^ = c ^ = 
^ ^ - ^/3; and (3) tlie momentum transferred to and from the a -constituent 
by discrete collisions can be expressed by an effective collision frequency, 
and takes the form m n u ( more exact forms use the relative velocities 

O O C O' 

of the colliding particles). There is also an implicit assumption that the 
velocity distribution functions for the various constituents remain locally in 
near-equilibrium; i.e. , in any localized region, the distribution functions 
change slowly compared to the characteristic time constant for the fluid flow. 
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This is necessary for average values t» be well defined. The assumption used, 
that no charge is created or annihilated, in effect states that no ionization or 
recombination reactions are allowed in the plasma on the time scale of the fluid 
flow. The assumption that the plasma is isotropic implies that either there is 
no magnetic field or the particles interact frequently enou^ (throu^ either 
discrete coUisions or collective interactions) so that such quantities as con- 
ductivity, temperature, pf rmittivity, and pressure are essentially scalar. The 
assumption of an isotropic plasma is not essential. However, without this 
assumption pre^jure becomes a tensor and equation (2-9) becomes corres- 
pondingly more complicated. For the problem at hand, the form of equation 
( 2-9) is generally sufficient. 

In the Idnetic formulation, the Boltzmann equations for each plasma 

constituent combined with the Maxwell equations (2-2) through (2-4) and the 

definitions (2-5) and (2-6) were found to constitute a closed system of equations. 

However even though the continuum continuity and momentum equations are 

rigorously derived from the Boltzmann equation, they do not form a closed set 

when combined with the Maxwell equations. There are 6 + 5a variables to be 

determined (i.e. , n , P , u , T, and B) while there are only 6 + 4a equa- 
a a a 

tlons. To obtain closure, one additional equation is required for each of the a 
constituents. 

An additional assumption »s therefore required to obtain closure. If the 
plasma flow velocity is much greater than the mean thermal speed of the ions, 
then the cold plasma hypothesis can be used; i.e. , the plasma ions are assumed 
to have negligible thermal motion (T. = 0) and as a result of this assumption, 
the pressure and collisional momentum transfer terms drop out of the momen- 
tum equation; i.e., V^P = 0 and - 0. (Even though the electrons may 

have a large thermal motion, they transfer very little momentum during 
collisions and hence contribute negligible to the above two terms.) If the 
particles interact frequently enough so that an equilibrium distribution is 


Id 



maintained, thpn the local Maxwellian hypothesis may be used. In this case, 
pressure will always be a scaler and can be related to the number density by: 

P = n kT , (2-12) 

a a a ' ' 

where k is Boltzmann’s constant and T is the temperature of the a- 

a 

constituent. If the plasma is also assumed to behave as a calorically perfect 

gas (i.e. , the ratio of specific heats is independent of temperature), then 

equation (2-12) can be simplified to a relation between P and n ; i.e. , 

O! a 


P = Cp ^ = C(m n f , 

Of Of a Of 


where y is the ratio of spec.fic heats, 
Therefore, 


C„/C , and C is a constant. 
P V 


VP Vn 

a a 

P ■ ^ n 
o a 

The system of equations (2-2), (2-3), (2-8), (2-9), and (2-13), 
subject to the definitions (2-10) through (2-12), forms a closed set which is 
appropriate for describing some tjfpes of plasma flow Intevacticn problems. 

It should be emphasized, however, that along w'ith Uie pf ''Tic assumptions 
listed above, the continuum equations use average . alues of physical quantities 
and are, tht,*eforc, insensitive to the form of the distribution functions. 
Therefore, any distribution giving the same average values would product; the 
same result under this system of equations. We will find that there are cases 
where the local behavior of the plasma does depend on the form of the distri- 
bution function and in such cases, the fluid approach will not provide an ade- 
quate description. 

c. Comparison With Classical Gas Dynamics. Before reviewing 
the theoretical results in the next section, it is worthwhile to note some of the 
similarities between plasma dynamics and classical gas dynamics. Neutral 
gas flows obey a continuity equation, identical to equation (2-8) , and the 


(2-13) 
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Navier-Stokes equation which, with the exception of the electromagnetic force 
term, is identical to the momentum transfer equation (2-9). 

When describing plasma flow interactions with bodies in the earth's 
ionosphere above 150 km altitude, the particle number densities are sufficiently 
low to make momentum transfer by discrete collisions negligible; i.e. , 

— C for all O' . Momentum transfer dierefore occurs primarily throu^ 
collective interactions resulting from the electrostatic fields associated with 
the charged particles and the interaction of diarged particles with externally 
imposed electric or magnetic fields. (Momentum transfer to the body is 
unimportant since we are primarily concerned with the effect of the body on the 
plasma medium and not the drag induced on the body. Since the boundary con- 
dition used at the surface of the body is that all incident charged particles are 
neutralized, there is no transfer of momentum to the charged particles in the 
flow field by direct impact. ) 

The dominance of long range electrostatic forces creates the possibility 
for a rapidly moving charged body to exert either an attractive or repulsive 
force on the ions whereas, in classical gas dynamic^, only hard-sphere type 
collisions are possible; therefore, particles are always repelled when they 
undergo a collision with either a moving body or otiier particles. W'e might, 
therefore, expect that when the electrostatic force associated with the moving 
body is repulsive, the plasma flow interaction will be very siimlar to that of a 
body moving through a neutral, compressible fluid such as the atmosphere. 
However, when the force exerted on the ions by the body is attractive, there is 
no corresponding mechtinism in classical aerodynamics and we might expect 
entirely different phenomena to occur. This will indeed be found to be the case 
as we review the theoretical and experimental findings in the next f?w sections. 

2. Results of Theoretical Treatments . A detailed discussion of 
several continuum treatments of the plasma flow interaction pronlem is given 
in Appendix B l3-i0j while an in-depth discussion of the numerical techniques 
used and results obtained from a number of kinetic calculations is provided in 
Appendix C (2], [11-33]. Here, we will summarize only the results which 
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are most important to the present study. The appropriate appendices should be 
referred to for further detail and limitations of the results. 

An early fluid treatment oy Kraus and Watson (31 predicted a trailing 
ion acoustic Mach cone structure behind very small, negatively charged bodies. 
It was iiso found, in this study, that the ciiargc density increased within the 
Mach cone. Trailing disturbances inclined at the Mach angle with respect to 
the flow direction have also been predicted by Rand (4, 5J for very small 
diameter cylinders and a half plane and by Sanmartin and Lam [ 10 1 for small 
bodies. 


Rand’s treatment for small cylinders also predicts (after appropriate 
modification for space charge potential oscillations on the wake 

axis with a pt'riod of . For the case of the half-plane (or a very 

large disc) the treatment predicts tliat ions will be deflected toward the wake 
axis at tlie ion acoustic Mach imgle. As a result, planes of disturbance will 
travel botli toward the w ake axis and out into the ambient plasma. The inclu- 
sion of ion thermal motion loads to the conclusion that for T ^T. < 10, damp- 

e 1 

ing of collective wave phenomenon becomes significant at Z = S • X^. 

In addition to the prediction of a strong wave front at the acoustic Mach 
angle, Sanmartin and l,am predict a second wave to develop further down- 
stream. The transverse structure of this second wavefront was predicted to 
oscillate (described by the Airy function times a sine function). This seems 
to agree with ex;}erimental observations by Hester and Sonin and Fournier and 
Pigache (Appendix E. 1). 

The first kinetic treatment of the plasma flow interaction problem to 
include a self-consistent solution of the space potential, 4> , was made by Davis 
and Harris (llj. This treatment predicted ;m ion void region behind medium- 
'^’/.ed Liodies. Further, the rarefaction of ions was predicted to extend, trans- 
versally, beyond tlie extent of the body. The Uiird main result was the pre- 
diction of an axial ion peak some distance downstream from negative bodies. 

An axial ion jK'ak was also predicted for axisymmetric bodies by Maslennikov 
and Sigov [1(>-191, Guerevich et al. 12(5| and Fournier (231. 
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In addition to predicting an axial peak, Maslennikov and Sigov also show 
the deflection ot the ion trajectories the plasma sheath and predict additional 
deflections due to the positive space arge potential associated with the axial 
ion peak (Appendix C. 2, Figure C-2) . 

Taylor predicted the axial ion peak to occur for T, = T^. He further 
predicted the axial ion peakto split farther downstream and form a trailing ”V” 
structure with a half-angle defined by the ion acoustic Mach angle. These pre- 
dictions are in agreement with those made on the basis of a fluid treatment by 
Hand [4| and Sanmartin and Lam [10]. 

In addition to an ion void. Call [12] predicted the region behind the 
body to be highly depleted of electrons as well. He also predicted the ion 
streams, deflected by the plasma sheath at the body for large, negative to 
cross the wake axis and create an additional wave-like structure which does 
not form a Mach line, but depends on This effect was found only for 
cylindrical bodies. Call found that axisymmetric bodies focus the ions onto 
the axis more effectively, forming an ion peak of greater amplitude. Appar- 
ently, the increased space potential associated with this higher peak prevents 
the :dx)ve penetration by the converging ion streams. Call also predicted an 
oscillatory structure along the Z-axis for axisymmetric bodies but not for 
cylinders. This is not in agreement with the predictions of Rand (4J and 
Fournier [23] and the observations of Hester and Sonin (34J, where such a 
structure was found for cylindrical bodies (Appendix E.l.g). 

The work by Call was extended by Martin (13J into a parametric study. 
In addition to the above predictions, Martin's results show the parametric 
dependence of the angle of the deflected ion st»*eams, 0^, the half-angle of the 
trailing *’V” structure, 0 , and the crossing point of the deflected ion 
streams on the Z-axis, Z^,on the parameters R^, S, and <I>^. In particular, 
he predicts the crossing point to have a dependence of the form: 

'"d'V ' • 

This prediction will be discussed in the context of experimental results in 
Chapter IV. 
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Gurevich et al. [26] predicted the axial ion peak aniplitudc to decrease 

with decreasing • Specifically, it was found to vanish at 1 

(not in agreement with Taylor) but it still occurred for = 4. This is in 

agreement with the predictions of Liu and Hung [28,29] for a large sphere and 

those of Fournier [23] for a long cylinder, where the axial structure vanished 

for T ^T. = 1 (foi small ^.) but was found to occur for T /T. = 2, In 
e i b e 1 

addition, Fournier’s results show the effect of decreasing T /T, to be 

e i 

opposed by increasingly negative , so that for a sufficiently negative body 
potential the axial structure reappears. 

Fournier also studied the potential field around the body for a variety 
of conditions. His findings include tlie depression of the equipotential contours 
in the frontal region by the ion motion, a tendency of the contours to become 
cii'cular for hig^i negative values of die extension of the potential field far 
into the ambient plasma for > 0 , and the existence of a negative "potential 
well" in the ion void region for large negative bodies. A potential well was 
also found by Liu [2] and Parker [21], 

A far-wake ion density structure which agrees with experimental 
observations of Hester and Sonin (Appendix E. l.g) has been p>redicted by 
Woodroffe and Sonin [30] and by Konemann [33j. The treatment by Konemann 
uses a Greens function formulation based on the potential calculations by 
S:inmartin and Lam [10]. 

Finally, the void-filling process has been investigated by Gurevich 
et al. [32] for plasmas with mixed ion composition. It is predicted that, for 
proper ratios of heavy and light ion concentrations, a two-stream type 
instability is generated at the ion void boundary. This mechanism could 
possibly explain the observation of enhanced electron temperatures in the 
v.akes of ionospheric satellites (discussed below). 

The results of the above fluid and kinetic treatments are summarized 
in Table 2-1. Additional theoretical reviews have been made by Chopra [35] 
and Liu [ 1 j . 
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B. Available Satellite Data 


The most useful in situ data have come from the Ariel I, Explorer 31, 
Gemini-Agena 10, and the Atmospheric Explorer (AE-C) missions. The 
details of the satellite geometry, orientation, instrument locations, and orbital 
data are given in Appendix D along with a more detailed review and discussion 
of the results. The instruments used included Langmuir probes of various 
geometries (to measure T , n and ^ ) planar, gridded retarding potential 
analyzers (RPA's) (to measure E., T. and n^ and a cylindrical retarding ion 
mass spectrometer (to determine m^. A general discussion of these instru- 
ments is given in Appendix F. In this section, the main results obtained from 
these missions wUl be briefly stated. 

Observations of electron current variations with angle of attack have 
been made on all of the above missions. The Ariel I data show the electron 
density in the ion void region to be depleted by a factor of 10“^ below its 
ambient value in the altitude range of 400 to 700 km (where 0^ is the major 
ionic constituent) |36j. Similar data were obtained from the Explorer 31 
satellite over a wider range of altitude and hence plasma conditions. These 
results agree with the Ariel I findings and, in addition, show the depth of the 
electron depletion in the near wake to be directly proportional to the ionic 
mass (37, 38 J . 

The behavior of the ion current as a function of angle of attack was 

studied on the Ariel I satellite at a radial distance of 2R . . , from the center, 

Ariel 

and on the AE-C satellite at about 1.6R. ^ from its center. The Ariel I 

AE 

measurements (39J show the ion current to be depleted by a factor of 3, 
compared to 100 for the electrons under similar conditions. This discrepancy 
may be the result of (1) the increased distance downstream at which the ion 
measurements were made, (2) the existence of a positive space potential and, 
hence, an ion-rich medium, or (3) the effect of the -6 volt potential apolied 
to the spherical ion probe which made these measurements. 
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The ion current data obtained from a cylindrical Langmuir probe on the 
AE-C satellite were used to conduct a parametric study of the effects of R^, 

T^, and m. on the void filling process (46,47J. These studies show that the 
ion current density in the near wake has an exponential dependence on R^ and 
a linear dependence on S. The presence of hydrogen ions was found to greatly 
accelerate the voiu filling process; i.e. , for an 0^-plasma, the ion current 
density in the void was depleted by factors of 100 at T^ = 1000* K and 30 at 
3000° K while for a 50% oxygen, 50 hydrogen plasma, the ion current deple- 
tions were only by factors of 6 and 2,3 for T^ = 1500 * and 3000°, respectively. 

Measurements of electron concentration were also made by boom- 

mounted probes at 5R. . , from the center of the Ariel I satellite [36], These 

Ariel 

measurements show a distinct axial electron density peak inthe wakes of both the 
main body of the satellite and its spherical ion probe and, therefore, tend to 
confirm the laboratory and theoretical predictions of axial ion peaks. No such 
peak was found, however, in the wake of the Gemini 10 capsule (Appendix D). 

Measurements made on the Explorer 31 [37,42J and Gem ini -Age na 10 
1 43] missions have indicated an elevated electron temperature in the near 
wake. Both missions show enhancements as large as 1.8 times the ambient 
electron temperature. A detailed study of the Explorer 31 data revealed no 
significant dependence of this effect on the geomagnetic field (42]. Apparently, 
then, this is strictly a plasma wake phenomenon and may be the result of a 
potential well in the ion void region, or possibly wave particle interactions set 
up by oscillations at the wake boundaries. 

Finally, the Ariel I data provide some indirect evidence for the 
existence of oscillations or instabilities at the ion void boundaries. Unexplain- 
ably high currents were obtained at the modulation frequency of the ac probe 
(Appendix D. 2.c and Appendix F). These current levels could be explained by 
plasma oscillations in the range of the ion plasma frequency. Such oscillations 
may explain the elevated electron temperatures observed in the wake. 
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C. Laboratory Investigations 


A detailed discussion of the numerous laboratory investigations and 
their results is given in Appendix E [34,44-64]. The va*'ious diagnostic 
instruments and analysis techniques used are discussed briefly in Appendix F. 
Below is a brief statement of some of the results obtained from these investi- 
gations which £^ply to the present study. 

Early investigations by Hall, Kemp, and Sellen [46] clearly show the 
ion void region and the axial ion peak for a spherical test body. The ion 
current density was measured at a number of stations across the wake for a 
wide range of body potentials, revealing a distinct dependence of the axial ion 
peak on 4>^. More detailed measurements of the ion peak, including both 
transverse and axial profiles for a variety of potentials, were published a year 
later by Clayden and Hurdle [47], These measurements, in addition to show- 
ing the dependence on show the axial ion peak to rise rapidly behind the 
body and trail off slowly, extending beyond 20R^ downstream. Similar results 
were found for a sphere and a conical body oriented with its apex into the flow. 

Experiments conducted by Skvortsov and Nosachev [48,49] show a 
rarefaction wave that forms an ion acoustic Mach cone which is in agreement 
with several theories discussed above. These data also show the axial ion 
peak to move toward the test body as becomes more negative, in general 
agreement with the theoretical predictions of Martin [11]. 

A second experiment was conducted to study the accuracy of psirametric 

scaling. Measurements taken for constant values of R ,, S, and 4», , obtained 

d D 

at different values of T^, show little variation while a significant variation 
appears in some cases when only the ratios R^ and were preserved. 

The experiments by Hester and Sonin (34, 51-53] were made with lot^ 
cylinders and spheres of various R^ values. These studies show that no 
appreciable void region occurs for small cylinders but that a sequence of axial 
peaks occur on the wake axis, in general agreement with the (modified) pre- 
dictions of Rand [4j. Further, these neaks divide and form trailing "V” 
structures. The first of these peaks behaves as the crossing ion streams, 
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predicted theoretically by Call [12]; however, it is not clear what mechanism 
is involved in the remaining structures. An ion rarefaction wave was also 
od, in general agreement with Rand [4]. 

For bodies in the range 1 i R , :s 10, Hester and Sonin observed that 

d 

an ion void formed and an axial ion peak occurred. The axial ion peak for 
spherical bodies was very high and no oscillating structure was observed 
downstream as in the case of the small cylinder. The peak divided into a 
trailing ’'V" structure as in other studies. The amplitude of the axial ion 
peak was greatly diminished for bodies in the range R^ ~ 40. However, it did 
occur for sufficiently negative values of 4>. and formed at lower values for 

D 

spheres than cylinders. 

In addition to confirming most of the above results, the experiments by 
Fournier and Pigache [56-59] involved a detailed study of the effects of an 
effective ion thermal motion (the motion was not Maxwellian). 

These experiments confirm the direct proportionality of the wake 
structure amplitude to the T^ /'''. ratio as predicted by the theoretical treat- 
ments discussed above. Ion current density profiles taken with ^ 100 

showed a striking axial ion peak, as in most of the above studies. The ampli- 
tude of the peak was diminished at T^/T. = 10 and vanished completely at 

T /T = 1 (with the test body roughly at floating potential for all cases), 
e 1 

There was no significant variation in the peak amplitude with R^; although, 
influenced it very strongly, as expected. 

Finally, in addition to the above experimental studies of the electro- 
static interaction, several experimental investigations of the flow interaction 
in the presence of a magnetic field were reviewed [61-64]. All of these 
experiments were made with the embedded B-field parallel to the plasma flow 
direction. 

The net result of the parallel magnetic field is the generation of axial 

ion current density oscillations along the wake axis with a period proportioned 

to ( Zu /27tV ). In addition, the amplitudes of the osc Rations were found 
cl o' 

inversely proportional to R /R (i). Evaluating these parameters for typical 

o Vj 

ionospheric conditions shows that such oscillations would be very small in 
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amplitude and that the period would extend far beyond the mid-wake zone. 
Therefore, it is concluded that the omission of the geomagnetic field in the 
study of the near and mid-wake regions of small to medium sized bodies is 
justifiable. 
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CHAPTER m. THE APPROACH AND CONTRffiUTION OF THE 
PRESENT EXPERIMENTAL STUDY 

A. Potential Contribution of Further Laboratory Studies 

In Chapter II, we have reviewed the previous theoretical, in situ and 
laboratory investigations. While this review shows that a great deal of pro- 
gress has been made toward understanding the basic spacecraft-space plasma 
interaction over the past two decades, it has also revealed several unanswered 
questions of a very fundamental nature. For example, does the interaction 
have a steady-state behavior or, if not, what is its temporal nature and how 
does this manifest itself in measurable quantities ? Does an enhancement of 
electron temperature actually occur in the void region and if so, what is the 
casual mechanism? Does the complex wake structure observed in cold, lab- 
oratory plasmas occur in the ionosphere, or is it diffused by thermal ion 
motion? What is the relation between the wave like structure predicted by the 
kinetic treatments of Call, Martin, and Woodroffe and Sonin, and the fluid 
treatment by Sanmartin and Lam; do they result from the same physical 
mechanism, or is the similarity of the predicted wake structure purely 
fortuitous? Do the orbital and deflected ion trajectories, predicted by 
Maslennikov and Sigov, actually occur and if so, what is their macroscopic 
effect ? 

Several areas of disagreement have also been revealed. For example, 
why did an axial ion flux enhancement {q>parently occur in the wakes of the 
Ariel I satellite and its spherical ion probe but was not found in the wake of the 
Gemini -10 capsule? Is the disturbance envelope defined by a Mach cone, as 
suggested by Rand and others, or is it related to other parameters, as 
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suggested by Hester and Sonin? Is the length of a body in the flow direction 
important, as suggested by Schmitt, or is the cross-sectional geometry the 
only controlling factor, as predicted by Taylor and Call? Is there a funda- 
mental difference between the two-dimensional and axisymmetric flow inter- 
actions, as suggested theoretically by Call and experimentally by Hester and 
Sonin, or is the observed difference due to other factors, as suggested by 
Konemunn? 

The present experimental program addresses several of the above 
questions. In some cases, this has been possible by carefully designing the 
experiment around standard, existing diagnostic instruments. However, in a 
few cases, differential vector measurements were required which were not 
suitably provided by any of the known probing techniques. It was, therefore, 
necessary to develop a new diagnostic instrument specifically for this purpose. 
This and other aspects of the experimental methods used will be discussed in 
the remainder of this section. 


B. Scaling Techniques 


1. Derivation of the Vlasov Scaling Laws. The dimensionless parame- 
ters which must be invariant in order to obtain similitude between two flow 
interactions of di..»;rent scale sizes can be derived formally from the govern- 
ing kinetic equations discussed in Chapter II.A.l.a. Assuming magnetic fields 
to be negligible, the governing equations reduce to a Boltzmann factor for the 
electron density, a Vlasov equation for the ion distribution function and the 
Poisson equation which relates the self-consistent electric potential to the net 
charge density; i.e. , 


n = 
e 
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and 


V^<p =-47t (q.n. - en ] 
^ 11 e 


(3-lc) 


The simulation parameters are obtained by nondimen‘?ionalizing the set 
of equations ( 3-1) and requiring the equations to remain invariant in form 
when the scale size is changed. This will occur if the coefficients of each 
term, which are the parameter groups, remain invariant. Let: 


X = R X 
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V * V u 
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Substituting this transformation into equations (3-la, b and c), we obtain 
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lue equations (3-2) will remain invariant if we require kT /e and the 

G 

following parameter groups to remain constant: 

Z 5 number of charges per ion (3 -3a) 
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(3-3c) 
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(3-3d) 
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Hence, the dimensionless ratios R^, S, and $ arise naturally from the 
governing equations. Substituting them into the equations gives some addi- 
tional insight into their effect, Equa*ions (3-2) can now be written in the form: 

= exp(<&) (3-4a) 



8F 

■^ + u.vF, + f tS-*)E. 



= -R 2 (ZN. - N ) . 
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(3 -4b) 


(3-4c) 


Note that the potential field has its greatest effect on the electron density dis- 
tribution [equation (3-4a) ] and tiiat it arises due to charge separation [equa- 
tion (3-4c) ]. Further, the effect of the charge separation is directly propor- 
tional to the Debye ratio; i.e. , for a given set of plasma stream character.' 5- 
tics, the larger the body, the more pronounced is the effect of the charge 
separation. This is reasonable since the region of charge separation will 
increase in size with R and E is given by the integral of p over this region. 

Q C 

In equation (3-4b) we see that the effectiveness of the ei_ctric field in deflect- 
ing ion trajectories is inversely propoitional to the square of S . Again, this 
is reasonable since the magnitude of E depends on the thermal energy of the 
electrons [equations (3-3b), (3-4a), and (3-4c) 1 and S is a measure of the 
kinetic energy of the ions relative to the thermal energy c.'" the electrons. The 
remaining parameter group, (a.' R^/V^) , indicates ihat if temporal effects are 
to be included, then the ratio of the frequence’ of any such effects to the transit 
time required for an ion, moving at the flow velocity, to cross the disturbance 
must be preserved. It also shows that only phenomena with frequencies higher 
than the transit time will be important. 
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The effects of the boundary at tbe test body are twofold. First, the 

potential on the boundary, , is defined by the requirement !faat q.n.c. = 

b 111 

en c and therefore may be considerably greater than unity in magnitude. 

In space, it may also become posi*:ive, depending on tiie secondary photo- 
emission characteristics of the body and toe solar UV intensity. In the labora- 
tory, ^ , is normallv allowed to be the floating potential or controlled by an 
b 

external power siq^ly. In any case, the effect on the electrons in the sheath 

ref’'''' will be very large (equation (3 -4a) J. For large ion trajectories 

will also be greatly disturbed [equation (3-4b) ]. 

The second effect of toe test body boundary is to absorb all incident 

charge. This means that toe distribution function in the disturoed region may 

be s^nificantly perturbed. Therefore, (which has the form of a Knudsen 

number) becomes a measure of the disturbance anqilitude. For « 1 , 

there will be essentially no charge separation and the Poisson equation can be 

linearized as in Appendix B.2. However, for R^ » 1 , the charge separation, 

and hence # , can significantly disturb the plasma in toe near region, and a 

simple, single fluid continuum approach cannot be used (Chapter II.A.l.b). 

2. Method of Applying Scaling Laws . In principle, it should be 

possible to obtain any arbiti-ary combination of the dimensionless scaling 

parameters R , S, and by appropriate choices of the physical variables 
d b 

n , T , V , and R . Unfortunately, this is not the case since, in practice, 
o e o o 

several of these variables are subject to experimental limitations. The test 
body size must be smaller than toe plasma stream, therefore, placing an 
URjer bound of R^ (toe plasma accelerator radius) on the body radius, R^ . 
Further, due to the nature of ion accelerators, it is difficult to obtain high 
number densities in low energy strt ms. Therefore, in the range of a few eV. 
which is appropriate for ionospheric conditions, n^ is dire tly proportional to 

o 

Now consider the dependence of the scaling parameters on these 
variables and die resulting effect of the above restrictions; i.e. , 
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The above limits impose iK» constrair* on since is independent 

of all other variables and can be adjusted to any desired value by an external 

voltage source. Similarly, R^ can be made arbitrarily small and S arbitrarily 

large bv making R small and V large, respectively. However, R. cannot 
o o " d 

be made arbitrarily large while making S small. As stated above, R^ must 

be less tlian the bi'am radius. Any further increase of R , must be ac corn- 
el 

plished bv increasing n and'or decreasing T . Note, however, that this is 

o e 

inconsistent with small S which requires small (and therefore small n^) 

and/or large T . The conditions cf large R , and small S are therefore 
e d 

mutually exclusive in the laboratory and can only be appixiachod within certain 
practical limits established by the experimental facilities. 

The ranges of R^, S, and attainable in the MSFC Space Plasma 
Simulation Facility ai'e given in Table 3-1. (Physical details of the facility 
will be given in the next section.) 

As a result of the practical constraints on R^ and S, it will be possible 
to correctly scale very few of the wide range of conditions possible for orbiting 
satellites or diagnostic instruments in the ionospheric plasma according to the 
strict V'lasov scaling laws developed above. In recent years, howevc«r, a con- 
cept known as qualitative scaling has evolved which allows a considerable 
rehixation of the rigid Vlasov laws lf>r)|. I'nder qualitative scaling, parame- 
ters much greater (or smaller) than unity are required to remain so but are 
not required to maintain Uie same o 'der of magnitude. Parameters which are 
of order unity !U*e scaled as closely as possible; i.o.. 
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In qualitative scaling;, the emphasis is on reproducing the correct physical 
processes for study, rather than the exact interaction morphology. 

The series of experiments discussed inChapter IV apply a variation of the 
above concept which we will call ”p*trtial qualitative scaling." The difference 
is that IK) attempt will be mack' to scale parameters which, from physical 
arguments, can be shown to have very little or no effect on the physical 
mechanism unck'r investigation. For example, in the ionosphere, the magnetic 
field is umn>>>ortant in ck'termining the nature of the near and mid wake 
regions, as slunvn in Chapter II, C and Appendix E.2. In the case of the 
temperature ratio, T^^ 'T., no means for correctly controlling T. exists. 
(Recall that in ChapWr II. C efforts to control T 'T. were discussed but found 
to product' non-Maxwellian ion tenHvratures. ) Therefore, this parameter is 
not scaled. In this case, the omission is not justified and must bt' viewed as a 
fundamental limitation of the exjx'riments. 


C. Experimental Metliods and Appai'atus 


The facilities required to syntliesize the ioiwspheric plasma in a lab- 
oratory environment comprise what can simply Ix' described as a plasma wind 
tunnel. It ctmsists basically of a cylindrical vacuum chamber, a plasma 
source which produces :ui axial stream, a system o'" diagnostic probes 
(described in Chapiter III.D) , and a miuiipulator to jxisition prtibt'S and test 
bodies. 

The plasma wind tunnel facility at NASA MSFC was established for the 
purjxise of stuilying ;uid evaluating diiignostic virobing devices and techniques 
[l?l| and IS wt'll suited to ionospheric simulation extu'riments. A schematic 
of tlie facility is shown in Figure 3-1 and tlie range of plasma stream parame- 
te*'s provided, eomptu'ed witli t\"j»ieal ionospheric values, is giwn in Table 3-1. 
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Figure 3-1. Schematic of the MSFC No. 1 plasma wind tunnel facility, 




TABLE 3-1. LABORATORY AND IONOSPHERIC 
FREE STREAM PARAMETERS 


Parameters 

Ionosphere 
at 300 km 

Laboratory 

Velocity (km/sec) — V^ 

7. 73 

9 to 500* 

Density (ions ''em*) — 

^ 10® 

10* to 10® 

Electron temperature (• K) — T^ 

^ 2400* 

1 to 10 X 10* 

Mean-free-path (cm) — X 

^ 10® 

> 300 

Ion composition 

0-^, 

N,'*’, H2+ 

Average ion mass (AMU) — nr 

20 

28, 2 

Debye length (cm) — 

-0.5 

0.2 to 20 

Ion acoustic Mach No. — S 

- 6 

1 to 650 

Normalized body potential “ 

-5 

Externally controlled 

Debye ratio — R . 

d 

10 to 10* 

1 to 5; 25 


* For N2'*'-ions. 


1. Vacuum System . The vacuum system provides an ultraclcan 6x 4 ft 
cylindrical working volume in which experiments can be performed with access 
provided at the front and rear of the chamber. Access for viewing and 
mechanical or instrument feedthroughs is provided by a number of ports on the 
top and sides. An additional port in the center of the front door provides a 
mounting point for the plasma beam source which is normallj' a modified 
Kaufman ion thruster. All pumping is done at the rear of the chamber, oppo- 
site the ion source. 

Initial rough pumping of the chamber to 1 x 10“* torr is accomplished 
with a 150 cfm Roots blower which is backed by a 50 cfir. mechanical roughing 
pump. Backstreaming of pump oil is prevented by a liquid nitrogen (LNo) trap 
located bt'tween the roughing system and the chamber. The ultraliigh vacuum 
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pumping system consists of differential sputter ion pumps used in conjunction 
with a titanium (T^ sublimation pump, a turbomolecular pump, and an open 
ended 6 x 3-1/2 ft Ll^ shroud, which may be removed to obtain additional 
working volume. The ion punq>s are rated at 1200 liter /sec ( for N 2 ) and are 
mounted radially as an integral part of the chamber wall. Titanium is sub- 
limed onto the rear wall of the chamber, providing a 26.000 liter/sec pumping 
capacity for nitrogen, while the turbomolecular pump is rated at 1500 liter/sec 
for nitrogen. It has the additional advantage that it pumps all gases effectively 
whereas the sputter ion and T. sublimation pumping systems are limited to 
active gases (i.e. , N 2 , O 2 , etc.) and the LN 2 shroud pumps only condensible 
gases (effectively limited to water vapor). 

The ultimate pressure of the chamber, when clean-dry and empty, is 
approximately 1 x 10”** torr. Experiments, which are generally conducted 
during the Kaufman engine discharge, are carried out with a bacl^round 
pressure of 1 x lO”’ to 1 x 10~® torr, depending on the conditions desired. 

(It should be noted that at 1 x 10“® torr, the ion mean-free -path is 5 m, which 
is sufficient to ensure the existence of a collisionless medium. ) 

An ultrahigh vacuum system necessitates stringent material require- 
ments, requires rather long turnaround times, and limits plasma composition 
to ions of active gases (as a result of the selective pumpir^ characteristic of 
sputter ion and titanium sublimation pumps). However, there are very sig- 
nificant gains in experimental c^yiabilitics, especially in diagnostic probe 
studies where surface conditions have a very definite and poorly understood 
effect on probe operation. 

2, Plasma Source. The plasma beam is generated by a 15-cn. 
Kaufman-tjpe electron bombardment ion thruster mounted in a stainless steel 
appendage (Figure 3-2). With certain modifications, the Kaufman thruster 
has proven to be very well suited for use as a plasma beam source because of 
its wide range of control over the beam parameters. A detailed discussion of 
this tjpe source was given by Reader I66J, and more recently by 
Le Vaguerese and Pigache [67J, 
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Figure 3-2. Kaufman engine schematic after Stone and Reihmann [681. 



During operation, a stream of neutral gas is fed into the thruster's 
cylindrical discharge chamber, where the gas molecules are ionized by the 
impact of energetic electrons which are emitted from a tungsten ribbon cathode 
and accelerated through a potential drop to the hollow anode. Ionization of the 
gas is enhanced by an axial magnetic field which increases the electron path 
length. Ions are extracted from the discharge chamber by a voltage between 
the screen and extraction grids. Acceleration of the extracted ion beam down 
the axis of the chamber is accomplished primarily by a positive bias on the 
thruster. However, the kinetic energy of the ions in the beam is also affected 
by the voltage between the cathode and anode. The plasma in most of the 
discharge chamber is close to tlie anode potential so that a positive potential 
exists between ions in this region and the screen grid (Figure 3-3). This 
contributes to the total ion acceleration (determined by 127° electrostatic 
energy analyzer) as shown in Figure 3-4. Finally, an electron current from 
an emissive tungsten wire located in the exhaust of the thruster is injected 
into the extracted and accelerated ion beam, thus forming a macroscopically 
neutral, drifting plasma. It is usually possible to ad .just the source so that 
plasma potential is very close to chamber ground. 

The orientation of the thruster within the bell jar appendage is adjust- 
able in two dimensions so that proper alignment of the plasma beam along the 
chamber axis can be attained. Because of the relatively small atomic mass of 
the gases to be used in ionospheric or solar wind simulation (N 2 or H 2 ), both 
uie thickness and hole diameter of the perforated extraction plate had to be 
decreased to 0.508 mm. This modification matches tlie throughput of the 
engine to the pumping speed of the vacuum system so that the proper pressure 
for efficient ionization can be maintained within the discharge section of the 
thrust, while pressure in the experimental working area of the vacuum cham- 
ber remains low enough to maintain a collisionless medium. Figures 3-5, 

3-6, and 3-7 indicate the functional behavior of the thruster. 

The total beam current is given in Figure 3-5 as a function of tlie 
cathode current, discharge potential, and chamber pressure (directly pro- 
portioned to pressure in the discharge sections of the thruster). The magnet 
38 
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Figure 3-5. Dependence of engine beam current on cathode current 
after Stone and Reihmann 168] . 






Figure 3-6, Dependence of engine beam current on magnet current 
after Stone and Reihmann [68], 
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Figure 3-7. Ion density profile in the plasma stream 1.4 m from the 
Kaufman accelerator, after Stone et al. [69]. 

current was held constant in all cases at a value that optimized tfarustex per- 
formance. It can be seen that an increase in cathode current produces an 
exponential type increase of the total beam as a result of enhanced thermionic 
emission of the cathoae in accordance with the Richardson Law. However, it 
also results in a shorter cathode lifetime, caused by faster evaporation of the 
filament material. Likewise, a variation of discharge voltage from 40 to 80 
volts increases total beam current by a factor of 3 to 6; however, the sputter- 
ing rate of the cathode grows by at least an order of magnitude. It should also 
be noted that at high discharge voltages, the total beam current is not sub- 
stantially affected by variations in pressure, while at lower voltages a 
pressure drop results in a considerable decrease in beam current. At 40 volts 
and 2 X 10"® torr, the discnarge could not be ignited. 

The dependence of the total beam current on the magnet current (pro- 
portional to the axial magnetic field of the thruster) and discharge voltage is 
shown in Figure 3-6 for a constant cathode current of 50 amps and a pressure 
of 5 X 10-® torr. All of these plots display maxima or plateau regions. 
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Increasing magnet current beyond the point of maximum beam current results 
first i»i a decrease of the total beam current, and finally in oscillations in the 
dif harge which become unstable. 

The ion current density of the plasma beam, measured by a gridded 
Faraday cup located 1,4 m downstream from the thruster, is shown in Figure 
3-7 for an ion drift energy of 20 eV, Defimng tb" points at which the current 
density is 90*^1 of its maximum value to be the useful limits of the beam, the 
divergence angle is found to be 5,25®, This provides a region which is 26 cm 
in diameter with a uniform current density ( 10% variation) for conducting 
experiments. For a 48 cV beam, the divergence angle decreases to 4,5®, or 
a workable beam diameter of 23,5 cm. Hence, for more energetic beams, the 
working area would be smaller, approaching the 15 cm dismeter of tne source. 

The electron temperature in the plasma beam (determined by a 
cylindrical Langmuir probe oriented perpendicular to the flow) is variable 
from the order of an electron volt to less than 2000 ®K, depending on; (1) the 
location of the emissive neutralizer wire in the beam, (2) the voltage drop 
across the wire, and (3) the bias potential E^plied to the wire, A more 
detailed coverage of this topic is provided by Sellen [70J, 

3, Spatial Manipuiation of Diagnostic Probes and Test Bodies , The 
disturbed flow field surroundii^ a test body emersed in the streaming plasma 
is currently mapped in two dimensions with either Cartesian or polar coor- 
dinate systems. The cartesian coordinate system has been found most useful. 
It consists of an axial and a transverse mapper. The axial mapper allows any 
one of three test bodies (or probes) to be lowered into the plasma stream and 
moved along the chamber (Z) axis, Ali bodies may be raised to obtain free- 
stream conditions. The total axial travel is 1.7 m, beginning at the position 
of the transverse mapper, up to 1 98 m downstream from the plasma source. 
The transverse mapper is capable of carrying a full complement of instru- 
ments (Langmuir Probe, Faraday cup(s), RPA, andDIFP), It moves the 
instruments in tlie transverse (X) direction from one side of the chamber to 
the other. The total transverse movement is 1, 07 m. A control system 
automatically repositions the test body along the Z-axis while the transverse 
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mapper pauses at one ot its end points. The transverse mapper then auto- 
matically reverses its direction and moves t^e i mments back across the 
chamber. In this way* transverse profiles of the various quantities measured 
by the instruments are obtained at a series of positions along the Z-axis, 
downstream from the test body. 

It is also important to measure the properties of the ambient plasma 
stream. This can be done prior to and after the measurements of the dis- 
tur ed zone by instruments on the X and Z m:q)pers with the test body removed 
from the stream. (The test body can be raised out of the scream with the 
plasmi. source operating so that ambient conditions do not change. ) It is also 
necessary to monitor the ambient plasma stream during the mapping maneu- 
vers so that any drift of the stream conditions will be observed and accounted 
for. This is accomplished by a second, fixed set of monitoring probes. 

The data obtained during the mapping maneuvers can be recorded by 
XY-plotters, by oscilloscopes and subsequent photographs, or by an automatic 
digital recording system (ADRS) which stores the data on magnetic tape for 
subsequent reduction bv ihe Uni vac 1108 computer. The format of the ADRS 
is flexible so that functional testing and calibration data for flight instrumenta- 
tion can be tailored to the format of the actual telemetered fli^t data, thereby 
providing an advance test of the data reduction software. 

D. Measurement Techniques 

The following is a very brief discussion which indicates the particular 
technique used to provide a given measurement in the present study. A more 
detailed discussion of the diagnostic instruments and analysis techniques is 
provided in Appendix F. 

In the present study, the electron temperature and density and the 

plasma potential are determined from Langmuir pr. a i-v curves. Spherical 

probes as well as guarded irical and guarded disc probes have been used. 

The method of analysis (most data v/ere x'ecorded by XY-plotters) is to plot 

In I - vs - 0 . The electron density, n , and the plasma potential, <p , are 
p e s 
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determined by the breakaway point (Appendix F) . The temperature is given by 
the slope of the linear portion of the plot, which also serves as an indication of 
the degree to which the electrons are characterized by a Maxwellian 
distribution. 

The ion density, n., is measured by shielded Faraday cups and planar 
RPA's. In both cases, if the velocity of the particles is know, then n. follows 
from the magnitude of the current collected (Appendix F). 

The ion flow velocity and temperature (parallel to the flow direction) 
are determined by a plansir RPA and a 127* Electrostatic Energy Analyzer 
(EEA). The velocity is determined from the RPA data by the inflection point 
of the current cut >ff. Ion temperature is obtained by fitting the data with a 
theoretical expression. [For digitally recorded data obtained from the ADRS, 
both and T. can be determined by fitting the data with the planar RPA 
equation (Appendix F) ]. The ion velocity is determined from the EEA data by 
the location of the peak point, since the EEAoutput is essentially the derivative 
of the RPA output. Note that ion speed is easily obtained in uie laboratory 
since ionic mass is known. 

The direction of the ion velocity is measured by the Differential Ion 
Flux Probe (DIFP) [71]. This instalment was developed as part of tlie ires- 
ent study specifically for laboratory plasma flow interaction experiments 
where large trajectory ck'flections occur and multiple streams must bt.' 
analyzed simultaneously. The details of this measurement are provided in 
Appendix G. It should be noted that this instrument also providcb' an accurate 
determiiiation of the magnitude of the ion velocity vector, even in regions 
where the ions have been strongly deflected. In such regions, the planar RPA 
is inaccurate since it only measures the component of velocity parallel to its 
normal and without angular information; this can lead to large errors. The 
EEA is not effective since it is highly collimated and would not see ions at 
large angles of incidence. 
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E. Free-Stream Characteristics 


It is important to realize the true conditions under which experiments 
are conducted and the resulting limitations that arise. Laboratory plasma 
streams are not perfectly uniform and isotrc^ic; they suffer from stream 
divergence, anisotropic (and sometimes non-Maxwellian) ion thermal motion, 
charge exchange interactions with residual, neutral gas, and absorption of 
charge at the chamber walls. These limitations must be considered in arriving 
at the experimental results by accounting for them in the analysis and/or 
minimizing them in the e}q>eriment. 

In terms of stream divergence and charge exchange interactions (which 

create a slow, nondrifting ion peculation from the residual gas in the vacuum 

chamber) , the MSFC Space Plasma Simulation Facility has been found to be 

one of the best available ( 72] . The slow ion problem becomes more severe 

with increasing vacuum chamber volume and increasing residual gas pressure 

as shown in Figures 3-8 and 3-9. The 1.2 m diameter by 2.4 m long chamber 

used at MSFC is moderate in size and the ultrahigh vacuum system, using a 

combination of pumps, is capable of reducing ultimate pressures to ~lO“*®torr 

and working pressures (with the ion accelerator operating) into the range of 

5 X 10"® to 1 X 10"‘ torr. The combination of these two factors makes the slow 

ion population negligible. This conclusion is supported by the fact that, wb:;n 

chamber pressure is below 5x 10~® torr, no direct evidence of slow ions has 

been found in the planar Langmuir probe, RPA, or 127® EEA data and no 

indirect evidence is indicated by effects on the ion wake. Further, an estimate 

of the density of slow ions relative to fast, stream ions, n /n,, can be made 

s f 

for this facility from existing data obtained in other facilities, as indicated in 
Figures 3-8 and 3-9. An estimated value for P = 1 x 10“® torr is found from 
the data of Figure 3-9 and the known chamber volume. This value (indicated 
by MSFC No. 1) is extrapolated into the working pressure range in Figure 3-8, 
assuming all curves have the same slope. The estimated range of n ^n 

S I 

values within the working pressure range are seen to be below 0.03, which 


47 




CHAMBER PRESSURE (TORR) 

Figure 3-8. Relative density of slow, charge exchange ions, n , to fast, 

s 

stream ions, n^, as a function of chamber pressure. 
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Figure 3-9. Relative density of slow, charge exchange ions, n /n., as a function of 

8 & 

chamber volume at a pressure of 10"® torr. 




was found to be the maximum acceptable value for ion wake investigations [76]. 
Note that the facility designated MSFC No. 2 is a smaller chamber described 
elsewhere [78], 

The plasma stream divergence depends on both the initial divergence 
due to the acceleration process (i.e. , the ratio of the transverse velocity 
component to the con^onent parallel to the diamber axis) and the space charge 
potential within the stream (due to imperfect neutralization) . These effects 
become more pronounced as the accelerator diameter and the beam energy 
decrease. A 48 eV H 2 -plasma stream from the 15 cm diameter accelerator 
was found to diverge 1.75* (defined by the points at which the current density 
falls 10%) , thereby providing a working stream diameter of 23. 5 cm, at 
Z = 1.4 m downstream, in which the stream current density varies less tlian 
10% [68 J. For lower beam energies, the current density becomes more 
uniform over larger cross-sectional areas, but the streamline di»rergence 
increases. A cross section of the current density for a 20 eV N 2 ^-plasma 
stream, obtained with a 2. 5 cm diameter aperture on the Kaufman engine, and 
the corresponding streamline directions at Z = 1.4 m are shown in Figure 
3-10. The offset is the result of deflection by the ambient geomagnetic field. 
These data demonstrate the disadvantage of small aperture plasma sources. 

Stream divergence and charged particle absorption by the chamber 
walls also affect the axial dependence of current density. This is shown in 
Figure 3-11, where the current density has been normalized by the value 
measured on the chamber axis at the position of the instruments carried by 
the transverse mapper. Also shown in Figure 3-11 is the axial variation of 
measured electron temperature, T^, and calculated effective transverse ion 
temperature 1^. based on the approximate expression derived by Hester 

and Sonin (Appendix E. l.g) : 
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Figure 3-10. Transverse profiles of normalized ion current density. A, 
and flow direction, O, 1,98 m ibvnstream from the Kaufman ac- 
celerator, The maximum stream single at X =38 cm is 12,8i' 
Closed points indicate calculated values corrected for 
geomagnetic deflection. Data obtained \\ith a 
2. 54 cm diameter aperature on the 
accelerator. 


where I\ is the accelerator radius. Since tl»e mean thermal speed is given 
® 12 

by (8kTj''jrm^) , it is possible to estimate the effective ti*ansverse ion 
temperature by: 





t 


where <p is *he potential through which the ions have been accelerated, 
acc 

The effect of the axial variations shown in Figure 3-11, on the parameters 

R ., S, M, , and '!>. are shown in Figure 3-12, where, again, the parameters 
d i b 
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Figure 3-11. Axial profiles of normalized ion current density, electron 
temperature and the perpendicular (radial) component of ion 
temperature, (calculated from relation by Hester and 

Sonin [52]). All values are normalized to the value 
measured at Z = 0 ( most distant point from the accelerator) . 
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are normalized by their values on the ch?»mber axis at the position of the 
transverse mapping probes ( 1. 7 m downstream) . Note that the variations are 
reasonably small except near the accelerator. 
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Figure 3-12. Axial variations of R^, S, and Mj^ resulting from the 
variations of T , J. (or n.) and T. shown in Figure 3-11. 

Eacli parameter is normalized by its value at Z = 0 . 
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CHAPTER IV. RESULTS OF THE PRESENT 
EXPERIMENTAL INVESTIGATION 


The objectives of the experimental investigations at MSFC are to (1) 
supplement the available in situ data, (2) determine the flow interaction 
mechanisms and their parametric dependences, (3) develop experimental 
methods and specialized diagnostics required for active experiments in space, 
and (4) evaluate some of the simplifying assumptions used in theoretical 
treatments. 

The in situ data hint at a very complex wake structure, but are insuffi- 
cient to support any conclusive results (Chapter II3. ) . When the ionospheric 
conditions can be appropriately simulated, the laboratory investigations offer 
additional insight into the nature of the interaction by providing a detailed 
mapping of the entire zone of disturbance (limited to the mid-wake for large 
bodies) , a high degree of control over individual plasma parameters, idealized 
test bodies, a wide variety of diagnostic instruments (measurement of the 
complete set of variables) and relatively short turnaround times. 

The ability to independently control the plasma and test body variables 
permits a parametric study of the plasma flow mechanisms. Experiments of 
this type have been conducted in the hope that the results of such a study can 
be extrapolated to other regions of parameter space, including those appro- 
priate for the interaction of the ionosphere with orbiting bodies. 

It has long been realized that the standard plasma diagnostic instru- 
ments were not completely adequate for plasma flow interaction studies since 
they either collect current from all directions, thereby providing a scalar 
measurement of the integrated flux, or their results depend on the angle of 
attack which must be assumed or obtained from other sources (such as 
satellite orientation). Even the relatively new ion drift meter - RPA [71] , 
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which measures the angle of attack, requires parallel flow. However, in the 
plasma wake, the highly disturbed flow is not parallel and the flow direction 
cannot be ascertained from the orbital parameters and the satellite orientation. 
The complete characterization of such disturbed flows requires the direction 
as well as the magnitude of the ion flux. The third objective is, therefore, to 
develop a technique for making high resolution vector ion flux measurements 
and to substantiate the previously assumed need for such measurements and 
their potential impact on previous results. 

Each of the e}q>eriments discussed below may iq>ply to more than one of 
the above objectives. Therefore, they will be grouped according to the nature 
of the measurements made; i.e. , variations of the charged particle current 
densities within the near and mid-wake regions, electron temperature varia- 
tions within the near wake region, and vector ion flux measurements in the 
near and mid-wake regions. 

A. Charged Particle Current Density Vrriations in 
the Neai' and Mid-Wake Regions 

1. Experiment A . The first experiment was conducted to investigate 
the detailed behavior of the ions in the near and mid-wake regions downstream 
from a conducting spherical test body biased at various potentials [74]. The 
sphere had a radius of 3 cm and was mounted on the axial mapper and could be 
either allowed to float, electrically, or biased at an arbitrary potential. Ion 
current density profiles were obtained downstream from the test body with a 
small (0.32 cm diameter aperture] Faraday cup mounted on the transverse 
mapper. The housing and entrarce grid of the Faraday cups were maintained 
at chamber ground while the seco id grid was biased -22.5 volts so that only 
ion current was admitted into the collector cup (Appendix F) . Note that the 
grounded housing does not affect the collected ion current since plasma poten- 
tial was near ground (±0.4 volt which is small compared to the 20 eV ion drift 
energy). The chamber pressure was maintained below 4 x 10“® torr during 
the experiments so that slow ion concentration should have been negligible 
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(Chapter III.E.) . The ambient plasma stream conditions were monitored by a 
second Faraday cup of the same type ( j^) and a cylindrical Langmuir probe 
(T • n y and f). The beam energy was determined to be 20 1 eV from the 

accelerator calibration (Figure 3-4). The plasma stream was found to have 
T cs 850* K, n . 3x 10* cm"*, and = -0,35 volt (with respect to 
chamber ground). The scaling parameters are, therefore, 

R, ~ 1±0.2 , s 16.5±1 and T /T. » 1 , 

d e 1 

where it was assumed that T. ca 300* K in agreement with the values calcu- 
lated in Chapter m. Profiles of the ion current density in the wake were 
obtained at various distances downstieam over the range 1.07 < s 35. 3 

Five runs were made with the above scaling parameters held reasonably con- 
stant while applying the negative potentials of 0.35 (floating) , 1. 5, 3, 6, and 

9 volts to the body. These correspond to = 5, 20,1, 41, 82,2, and 123, 

b 

respectively. 

An example of an ion current density map obtained with the body at 
floating pr tential (-0.35 volt) is shown in Figure 4-1. The ion void and mid- 
wake regions are shown in great detail. At the position of the closest profile 
(Z/R^ = 1.07) there is no measurable ion current in the void. This observa- 
tion must be qualified, however, since the acceptance angle of the Faraday cup 
was limited to ±33“ and, therefore, ions deflected into the region at higher 
angles would not be detected. Proceeding downstream, the wake begins to fill 
with ions. The ion void is completely filled at Z/R^ = 15. 8, although the flow 
remains very obviously disturbed as indicated by the two peaks. At this point, 
an axial enhancement in the ion current density begins to form and reaches its 
maximum value at Z/R^ =; 20.7. Beyond the maximum position, the ion peak 
begins to split into two peaks which travel away from the Z-axis. The ultimate 
diffusion of the disturbance back into the ambient plasma stream was not 
observed due to the finite length of the vacuum chamber. 
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Figure 4-1, Ion current density profiles downstream from a conducting 
sphere (R^ = 3 cm) for » 0.8, S ^ 17, and -5, 

data after Stone et al, (74), 
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Observing the profiles more closely, it can be seen that as the ions 
move toward the Z-axis to fill in the void region, an ion rarefaction wave 
is created on either side of the void and propagates away from the axis. It is 
shown clearly by the profiles between X/R^ = 10. 9 and 17. 0, but becomes 
obscured in the mid-wake region by the shoulders of the axial ion peak. This 
feature will be investigated in more detail in a later experiment. 

In the near wake, it can also be seen that the ions moving into the void 
region form a small ion enhancement on each side between the void and the ion 
rarefaction wave. This effect is hinted at in the current profile calculations 
by Maslennikov and .,igov (Appendix C.2, Figure C-3), Here the detailed 
behavior of these peaks is shown as they progress downstream. They peri st 
longer tiian the void filling process, which is completed at Z/R^ ~ 15. 8, and 
seem to merge between Z/R^ = 15 . 8 and 17.0. Within experimental error, this 
point is a Mach number, S, of radii downstream, which is consistent with the 
theoretical calculations by Taylor (Appendix C.3). This would indicate that 
the peaks are the ’’converging streams, ” discussed by Taylor, which are 
deflected into the wake by the electric fields within the plasma sheath. How- 
ever, even though Taylor’s results show the converging stream effect 
definitively in the mid-wake region and beyond, there is no iiu-.^ation of the 
streams in the near wake as shown here. 

The wave-like structures in the near wake which provagate inward 
along the boundaries of the void region will be called Void Boun. ary (VB) 
streams, while those which propagate outward, beginning at the axial ion peak, 
will be called Trailing V (TV) waves. The term ”wave” is used here as a 
convenience and is not intended to indicate that these features necessarily 
result from collective Interactions. 

The morphology of the two types of standing wave-like structures is 
given in Figure 4-2 by plotting the positions of the wave peaks in each trans 
verse current density profile on the XZ-plane for each value of used. 

For example, the points designated as resulting from = -5 diow ti\e loca- 
tions of the wave peaks seen in Figure Similar information is given in 
Figure 4-3 for the ion void by plotting th 1th of the region corresponding 
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Figure 4-2. Morphology of converging VB streamp and diverging trailing **V’* (TV) waves 

for various les of $ . After Stone [99]. 



1.0 



Figure 4-3, Convergence angle of the ion void boundary (determined at 
its Jp/2 point) for various values of After Stone [99], 

to a current density of J^/2 for each profile where the void boundaries are 
well defined (i.e. , before the VB streams begin to merge). 

It is immediately apparent that all of the TV waves, shown in Figure 
4-2, have approximately the same inclination to the Z-axis, while the VB 
otreains have widely varying inclinations, depending o.. the value of 
Figairo 4-3 shows that the void boundary behaves similarly to the vB streams. 
This behavior is shown explicitely by Figure 4-4 in which the angles of 
•nclination of the wid boundary, the VB streams, and the TV waves are 
plotted against The angle of the TV waves does not depend on but 
remains constant at approximately the Mach angle, 0 = sin“* (l/S), indicating 

wave-like behavior. How ver, both the void boundary and the VB streams 

are directly proportioned to 4'!^ which is consistent with a true ion stream 

behavior , 
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Figure 4-4. The dependence of the void boundary angle, 0^, the void 
boundary streams, the TV wave, 0,py» 

After Stone (99J. 

This corroborates the theoretical calculations by Martin (Appendix C.7, 
Figure C-14) although his result is based on the behavior of the deflected ion 
streams (apparently the VB streams) after they pass through the axial ion 
peak, essentially unaffected, and diverge downstream (Appendix C.7, Figure 
C-12), The beiiavior of the VB streams corresponds exactly to the behavior 
of the deflected streams found by Martin except that they are not observed to 
penetrate the axial ion peak; i.e,, no structure with a corresponding angle of 
inclination to t'^e Z-axic is found emerging on the downstream side of the axial 
ion peak. The only wave -like structures found beyond the axial ion peak are 
the TV wav hich correspond exactly to Martin’s second wave-like struc- 
ture characterized by 0 (Appendix C. 7, Figure C-14), 

w 


61 


The inclination of the void boundary. 0^, also shown in Figure 4-4, 

demonstrates that, even in the nearest vicinity of the test body, dxe void-filling 

process is affected primarily’ by ion deflection due to the value of ^d any 

thermal or ambipolar diffusion processes, which do not depend on 4^^, must 

be of secondary importance. Notice that 0 and 0 have the same depend- 

V VB 

ence on ^ but differ in slope by a constant. The similarity in ^ - 

b b 

dependence could result from the leading edge of the VB stream moving into 
the void to produce the observed closing of the \'oid boundaries onto the Z- 
axis. The fact that the inclination of the void boundary is greater than 

the VB stream peak inclination may be explained by the first ion streams 
deflected into the wake passing closest to the body and being deflected 
toward the wake axis by a stronger electric field (and therefore at a 
greater angle) than the streams that b''come bunched into the VB -streams. 

In Figure 4-5, the of the VB streams, determined by extr£^x>lating 
the points in Figure 4-2 to the Z-axis, are plotted against I This is in 

exact agreement with the 4>j^-dependence predicted theoretically by Martin 
(Appendix C.7, Figuie C-14) and is in general agreement with an earlier 
ejqperimental estimation of an "exponential’* dependence by Stone et al. (74J. 

-V 

The large error bar on the point at | ^ = 0,425 in Figure 4-5 is 

due to variation of the floating potential along the chamber axis ( Chapter 

III. E). This effect is also apparent in 7 igure 4-4. Notice that both VB 

stream and TV wave structures ■ — e linear for all values of 4>, with the 

b 

exception of <i>j^ - -5, which is the floating potential. Bet.’ types of structure 
are highly nonlinear for this case. This is primarily the rei ult of the axial 
density variation (Chapte.'* Hi. E) so that when ‘I’jj Is fixed by an external 
potential, the ratios, S and remain relatively constant since T^ and V^ 
do not change appreciably with Z. 

In summary, the detailed effects of near and mid-wake 

regions have been shown to corroborate the theoretical predictions of Martin 
precisely. This is made possible because the format in which M tin 
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Figure 4-5, Dependence of the crossing point of the VB streams, 

Z* =Z on . After Stone (99J. 
d b 

presented his results is well suited to compar’son with experimental measure- 
ments. Unfortunately, however, Martin did not present ion trajectory infor- 
mation in conjunction with the current density profiles, so that the exact nature 
of the wave-like structure cannot be determined from his results. Neither nan 
it be determined from the present experimental measurements. The nature of 
the wave-like structures and why, if they are ion streams, does ”bunching” of 
the ion trajectories occur to form an enhancement (as in the VB streams) are 
questions which require vector ion flux measurements. 
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2. Experiment B . The purpose of the second e^qperiment was to inves- 
tigate the detailed behavior of the near and mid-wake regions downstream from 
an electrically floating, conducting spherical test body for a variety of acoustic 
Mach numbers [69]. To accomplish this, an additional set of ion current 
density profiles was obtained, similar to those shown in Figure 4-2, but for a 
much lower drift velocity and, therefore, ion acoustic Mach number. The 
current density profiles, ambient stream current density, and the electron 
temperature were measured by the same Faraday cups and Langmuir probe 
described in Ejqoeriment A, above. 

The data for a floating test body, broi;^ht over from Experiment A, will 
form Case I and the additional data set obtained in the present experiment will 
form Case n. The plasma flow conditions were 

~ 0.8 , S ~ 17, and ~ -5 

d b 


for Case I and 


R. ^ 1.2 


S ~ 5. 2 , and $ 


^.7 


for Case II. 

Figure 4-6 shews the axial variation of normalized ion current 
density, tj, with normalized distance downstream from the center of the test 
body, Z /R^, for Cases I and II, The test body for Case n was a conducting 
sphere with = 3 cm as in Case I. The normalized ion current density, 17 , 
was obtained ty measuring the current density on the Z-axis, J(0,z), and the 
current densities in the undisturbed plasma stream on either side of the dis- 
turbed zone which were averaged to give an effective ambient value, 

The normalized axial ion flux was then defined as tj = (J(0,Z) - 

^'^o^av* depletions of ion current density will be represented by 

negative values, while enhancements will be represented by positive values. 

The axial current density profiles of Figure 4-6 show that a maximum 

value is reached at Z/R = 16 to 20 for Case I and at Z/R = 4. 5 to 5, 5 for 

o o 

Case II. This variation in the location of the maximum axial ion current 
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density enhancement must be due to differences in the e}q>erimental conditions. 

Note that since both cases use the same test body and since R . and are 

d b 

approximately the same for both cases, the only significant difference is in the 
ion acoustic Mach number. S. In both cases, within experimental error, the 
maximum enhancement occurred at a Mach number of radii downstream; i. e. « 
at Z = S • . This result directly confirms the prediction by Taylor that the 

converging ion streams would merge to form an axial enhancement in ion 
density at approximately S • R^ (Appendix C.3), 

To further confirm this result, the positions of the maximum axial ion 
current density enhancements obtained for Cases I and II. along with similar 
data obtained from several published sets of current density profiles, were 
plotted against the ion acoustic Mach number, as shown in Figure 4-7. In 
several cases it has to be assumed that the test body was maintained at or 
near the floating potential. Also, some of the results were obtained for circu- 
lar plates rather than spherical test bodies. However, all bodies were con- 
ductors and all had a circular cross-section taken normal to (he flow direction. 
The large error bars in the spatial dimension are the result of a limited 
number of transverse profiles and therefore a coarse determination of the 
axial profile (as shown in Figure 4-6 for the present experiment). 

Figure 4-7 clearly demonstrates the dependence of the location of the 
maximum axial ion current density enhancement on tne ion acoustic Mach 
number, and thus further confirms the theoretical result obtained by Taylor, 
However, more fundamentally, it attests to the fact that an axial ion current 
enhancement has Leen found to occur in the wakes of axisymmetric bodies over 
a wide range of the plasma flow parameters and in a number of different 
experimental facilil This result is in accord with the theoretical results 
obtained by Maslei. ..kov and Sigov, Cali, Martin, Taylor, Fournier, and 
others (Appendix C). It is simply explained by the action of the self- 
consistent electric field, existing in the sheath of the test body, on the free- 
streaming ions. The ions, as a resv.lt of the attractive force, are focused 
onto the wake axis. The amount of deflection and hence the distance 
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downstream at which the deflected ions converge on the wake axis to form an 
ion current peak depend on the ratio of the kinetic energy of the ions to the 
electric field strength in the sheath. However, for a floating body, the body 
potential becomes increasingly negative until a sufficient number of electrons 
are repelled to equalize the total ion and electron currents collected. The 
floating potential is therefore dependent on the kinetic energy of the electrons. 
The governing ratio is therefore 



It is appropriate here to discuss some of the in situ results from the 

Ariel I satellite. Recall that an axial electron current enhancement was 

observed by the boom-mounted probe in the wake of the main satellite as well 

as the sjrfierical ion trap (Chapter II. B) . The distance downstream at which 

the electron current profiles were obtained was 5 for the main body and 

30 R^ for the spherical ion tr^, which was negatively biased to ~ -35. 

The ion acoustic Mach number at 400 to 800 km attitude is 4. 5 to 5. The 

observation of the enhancement in the wake of the main body is therefore 

corroborated by the above result since this is £q>proximately the S • R^ point 

at which the theory of Taylor and now the laboratory results predict that the 

maximum enhancement should occur. 

The conditions at which the enhancement was observed behind the 

spherical ion trap are not closely approximated by any of the above data; 

i.e. , Figure 4-2 shows results for the appropriate range of body potentials 

but S is too large while Case II (Figure 4-6) has an appropriate value of S 

but is not sufficiently negative. However, Figure 4-2 shows tnat one 
b 

effect of becoming highly negative can be to cause the axial ion current 

enhancement to persist further downstream. Also, from Figure 4-6, it 

appears that the axial enhancement will still exist at Z /R^= 30, even though 

^ . is small. Also recall that the satellite data were averaged over 10* 
b 

increments of rotation (Appendix D.2.a). This would, assuming the structure 
propagates out at an ion acoustic M"''h angle, permit two data points on the 
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axial enhancement 30 downstream from the ion trap. While this is suffi- 
cient to reveal the existence of the enhancement, it would not allow observation 
of the splitting effect found here. Therefore, the creation of an enhancement 
at 2/R^ = 5 downstream from the Ariel I spherical ion tr^, and the persist- 
ence of this peak out to the point of observation at Z/R =30, is in accord with 

o 

above experimental observations. The possible effects of finite ion thermal 
motion, which is not present to a sufficient extent in the above experiments, 
will be discussed in Experiment C below. 

3. Experiment C . The third experiment was designed to provide 
additional insight into the nature and parametric behavior of the axial ion 
current density enhancement and, particularly, to shed some light on the per- 
plexing question as to why an enhancement was observed in the wakes of the 
Ariel I satellite and the Ariel I spherical ion trap but was not found In the wake 
of the Gemini 10 capsule. To accomplish this, the experimental apparatus was 
improved by motorizing the axial m^per. This allowed continuous axial, as 
well as transverse, profiles of the wake characteristics to be obtained. 

A set of axial profiles of ion current density obtained downstream from 
a 15 cm diameter conducting spherical test body for a variety of ^ values is 
shown in Figure 4-8. These measurements were made with a Faraday cup 
located directly behind the test body; i.e. , on the Z-axis. The scaling 
parameters for the profiles of Figure 4-8 are R^ = 4.3, S = 25. 5 with 
taking on the values -20, -40.7, -61. 1, -81.5, and -163. This will be 
referred to as C "^e I-C. 

Note that the axial ion peak moves toward the test body as becomes 
increasingly negative. This presumably is the result of stronger ion focusing, 
as was found in Experiment A. In addition, the peak height is seen to increase 
with more negative The third effect to note is the development of a 

second break point on the leading (upstream) edge of the axial ion peak for 
highly negative I.iis suggests that the axial ion current peak is created 

by more than one process, as mentioned in connection with Figure 4-1 in 
Experiment A, and further, these processes must depend differently ■ the 
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Figure 4-8, Axial ion current density profiles downstream from a conducting 

sphere for R , s 4.3, S = 25.5, and as indicated, 
d D 

After Stone [100]. 

normalized test body potential, This would explain the tendency for the 

axial peaks created by different processes to separate at large 

A set of transverse profiles of [ JVJ J obtained with 4>. = -41 is shown 

i o b 

in Figure 4-9. These profiles correspond to the axial profile obtained at the 
same voltage in Figxire 4-8. Note the striking similarity to the wake morphol- 
ogy shown in Experiment A (Figure 4-1). The void fillii^ process and subse- 
quent development of the axial ion peak are co’iq)ressed into a smaller range 
on the Z-axis, as expected since “5 in Figure 4-1 and -40,7 here, while 

the difference in the ion acoustic Mach numbers is not so great. The exact 
dependence on R^, S, and will be investigated further in the present 
experiment. Finally, no splitting of the axial iou peak to form a trailing ”V" 
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wave is observed. However, the measurements do not extend sufficiently far 

downstream so that the lack of this effect here is not significant, 

A set of axial profiles, similar to those shown in Figure 4-8, were 

obtained for a second set of scaling parameters: 1.72, S = 22.8, and 

= -29, -87, -116, and -232, which will be referred to as Case II-C. The 
b 

intercept of the leading edge of tlie axial ion peak for Cases I-C and II-C are 
_!/ 

plotted against | ^ in Figure 4-10. (The intercept is defined by a linear 

extension of the leading edge below the first break point to the Z-axis.) Each 
set of pointsfallson a straight line (as would be expected from Eiqieriment A) . 
However, the lines defined by the two sets of data are offset, indicating a 
dependence on other parameters. 



F igure 4-10. Intercept of the leading edge of the axial ion peak 

with the ' -axis as a tunction of | *, i for 

b 

Case I-C, 0, w«.u Case il-C, A. 

After Stone [100] . 
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Since S and have different values in the two cases, the dependence 

on ead) one can be investigated. Recall from Experiment B that a linear 

dependence on S would be expected. Therefore, R, remains the only parame~ 

d 

ter which can be used to collapse the two sets of points in Figure 4-10 onto a 

single curve. For this to occur, we allow R . to have a variable ejgwnent, 

d 

a • and require: 



where the subscr4)ts 1 and I refer to Cases I-C and n-C, respectively. 
Solving for the parameter, ot , we have: 


a 


s 


vj 

2 

bl 



b2 



L"1 I ^b2 


0.02359 , 


where the values of S and R , are given for the two cases and the ratio 

yd % 

I , /4>, „| is found from the cxirves of Figure 4-10. 
bl oZ 

In Figure 4-11, the intercepts of the leading edge of the axial ion peaks 
with the Z-axis, normalized by R^, are plotted against |s R^ ^ 

Cases I-C and II-C. The two sets of data from Figure 4-10 now lie on a single 
straiglit line. To further test this finding, the VB-stream intercepts for Case 
I-C (these data were not available for Case II-C) were obtained, as in Experi- 
ment A, and plotted, along with the intercepts obtained in Experiment A. 

These two sets of points also lie along a common straight line. The curves 
corresponding to the VB stream and axial current peak intercepts lie on 
different lines because they represent different effects. The VB-stream 
intercepts are based on the positions of the peak density of the VB streams. 

This intercept would therefore occur slightly downstream from the first break 
point on the axial profiles (Figure 4-8). The intercept of the leading edge of 
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the axial ion peak would correspond to the edge of the VB streams advancing 
into the void region, not the peak position. 

The above finding is in agreement with the results of Martinis calcula- 
tions for the S and dependence of Z^/R^, but does not agree with his con- 
clusion as to the form of the dependence '^Appendix C.7). The relation 
developed by Martin for the dependence of the crossing point location, when 

normalized by R , is 
o 


[«!] ' I ■ 


The present e 7 q>erimental results do not agree with this eiiprcssion. As 
pointed out in the previous discussion, this e^qjression ignores the distance 
over which the electric potential is assumed to decrease. When this was 
included, the expression became: 


k] ' ■ 


where | is a constant. The present experimental results can be made con- 
sistent with this expression by requiring (^ + l)/2 = o so that | = -0.949. 
The average electric field experienced by the deflected ions is therefore 
related to the body potential by 





R 


-0.949 

d 


In Figure 4-12, the maximum amplitude of the axial ion peak, com- 
pared to the ambient current density, is shown to be inversely proportional to 
Ji/, 

I ^ . The best fit lines for the data points obtained from Case I-C and 
Experiment A are offset. This offset was found to vanish when the amplitude 
is also assumed to be proportional to S, as shown in Figure 4-13, where the 
two sets of data have collapsed to a single straight line. 
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Figure 4-13. Variation of the normalized maximum amplitude of the 

1 / 

axial ion peak, [J /J ] with (S/|*, I] for Case I-C (O) 
max o D 

and data from Experiment A (□) . 

After Stone 1 100] . 
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The [ J /J ] ratio was not found to depend on H . (at least not 
stron^y) . This is a surprising result since, from simple geometric argu- 
ments, the amplitude of the axial peak would be ei^ected to depend on the area 

of the annular cross-section focused onto the Z-axis and therefore on R . 

o 

However, such an argument assumes simple siqperpositioning of the ion 
streams at the intercept point on the Z-axis and does not account for any 
interaction with the spacecharge potential created there, or dispersion of the 
streams during transit from the deflection point to the axis. Evidently, the 
space charge potential is sufficiently stroi^ to repell oncoming ions from the 
Z-axis, therefore, limiting the peak height to a value proportional to the 
x-component of ion momentum which is, in turn, proportional to which 
produced their deflection. 

There are two competing effects involving R The [ J / J J ratio 

must depend on the ratio of the initial area of the annulus crossed by the ion 
streams at the body, to the area to which they are focused on the Z-axis. The 
area of an annulus of thickness dx is proportional to its radius R^ . On the 
other hand, dispersion of the streams is proportional to the distance traveled 
in reaching the Z-axis which is, in turn, proportional to R^ and S . It is 
reasonable, then, that the R^ dependence of these two opposing effec.d may 
cancel, leaving only an S-dependence. This appears to be the observed effect 
in the data as shown by Figure 4-13. 

The parametric dependence of the axial ion peak width was also inves- 
tigated. These results are shown in Figure 4-14, in which the peak width at 
its midpoint (in amplitude) , normalized by R^, is plotted against 
This is a very tedious measurement and the measurement error can be 
expected to be rather large. However, the data points from both Case I-C and 
Experiment A fit a single straight line reasonably well. The peak width, W , 

-V ^ 

is seen to be directly proportional to | ^ , which is opposite to the 

dependence of the peak height. Although the inverse variation of and 

J with each otlier as $ . changes might suggest a preservation of the total 
max b 

current in the axial ion current density peak; this is not the case. This can be 
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seen by the fact that ale > depends on S v^ile depends only on $ , 

Therefore, for constant , J varies with S while W remains constant, 

b max p 

For example, the data in Figures 4-13 and 4-14 show that for = -41, the 

product ( J / J ) X ( W /R ) is 8, 6 for S = 17 and 6. 3 for S = 25 , 
max 0 p o 

The fact that (W^/R^) depends only on is reasonable since the peak 
width should be determined by the distance from the Z-axis at which ions are 
deflected by the space charge potential. This, in turn, depends only on the 
momentum of the ions (due to V^) and tlie amplitude of the potential barrier 

formed by the space charge. The tendency for the ion current density peak to 

form a potential barrier is opposed by the electrons, which strive to neutralize 

the positive space charge potential. The responsiveness of the electrons is 

Inversely proportional to their thermal motion, characterized by kT . The 

e 

x-component of ion velocity, on the other hand, depends on<t* . Therefore, 

b 

the parameter for this effect, is proportional to the ratio of the normal 
component of ion momentum to the magnitude of the space charge potential 
barrier. 


Finally, it must be pointed out that the observed parametric depend- 
ences shown in Figures 4-11, 4-13, and 4-14 may not apply over other ranges 

of the indicated parameter groups. For example, Figure 4-13 indicates that 

1 / 

the peak amplitude vanishes at [S/4> ) ^ ~ i, 16. However, in Experiment A, 

“ 1/ 

a strong peak ( J /J ~ 2,9) was observed for the condition [S/4>, 1 = 

ly max o b 

[17/5] ^ = 1.84. In addition, Fournier and Pigache have obc,arved peaks of 

^'^max'^'^o^ ~ ^ [l0,6/3]^‘= 1.88 (Appendix E. l.i.). 

Clearly, these data points are exceptions to the trend shown in Figure 4-13. 

In the case of Experiment A, the only difference was apparently the body bias 

4»^. The remaining data points from Experiment A are shown in Figure 4-13. 

Therefore, the linear dependence of Figure 4-13 must be altered in the 
1 / 

vicinity of [S/4>^J ^ ~ 1 . 1 . 

A possible explanation of this change in behavior is that as 4>, 

b 

becomes small, the negative space charge in the ion void region becomes the 


dominant focusing mechanism. Hence, the formation of the peak would then 
become independent of and would still occur. This explanation is 
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supported by the observation of axial ion peaks by Hester and Sonin in the wakes 

of small cylinders with +3 (Appendix E.l.g). It can be eiqpected that 

such a peak, created by the negative space charge potential in the ion void 

region, would vanish when S and/or R become large enough that the deflected 

d 

streams become diffuse before reaching the Z-axis. 

Although the exact differences in the experimental conditions for the 
present data and that of Fournier and Pigache (i.e. , slow ion com:entration, 
stream divergence, and normal ion temperature) are not known, it is inter- 
esting to note that the above parametric dependence is apparent in their data. 
Referring to Figure E-16 of Appendix E. 1. i, the Z-axis represents data with 
the same values of S and T^/T. . Moving up the Z-axis, R^ changes from 6 
to 25 to 45. Note that the peak width remains about a radius wide at its mid- 
point as expected from Figure 4-14. Also, the axial ion peak amplitude does 
not change significantly. However, moving out the Y-axis, changes from 
-3 to -100. This change is accon^anied by a striking increase in peak height, 
as would be eiq)ected from the present results shown in Figure 4-13. 

We note that measurements of electron density, made with a cylindrical 
Langmuir probe in the wake of a conducting sphere in the MSFC No. 2 facility 
1 76, 77], show an axial electron density enhancement rou^ly coinciding with the 
axial ion peak described above. No detailed study of the electron peak has 
been made. 

The parametric behavior of the axial ion peak revealed by this experi- 
ment can be used to provide additional insight into the apparent contradiction 
between the Ariel I and Gemini-Agena 10 data. (Recall that an axial electron 
peak was observed in the Ariel I and Ariel I spherical ion trap wakes but was 
not observed in the wake of the Gemini capsule, see Appendix D, Figure D-8.) 

As already stated in Experiment B, the observation of an axial electron 
peak in the Ariel I data at 5R ~ S.R • , is consistent with experimental 
results. Further, Figure 4-8 shows the axial ion peak to persist far down- 
stream so that in view of the similarity of ion and electron peaks mentioned 
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above* the observation of an electron peak in the wake of the Ariel I spherical 

ion trim at 5R , . , » R , is not unexpected. 

^ Ariel probe 

The fact that an axial peak was not observed in the wake of the Gemini 
10 capsule must result from one of the following possibilities: (l) sufficient 
ion thermal motion fisted to completely suppress any axial enhancement, 

(2) the wakes of large spacecraft ~ 10^) are not subject to the converging 
stream behavior responsible for creating axial peaks, and (3) an axial peak 
existed in the Gemini 10 wake but was not observed [75]. 

The laboratory results, together with the results obtained from the 


Ariel I data under very similar plasma flow conditions, do not support the 
first possibility. Notice that the Z^-axis of Figure E-16 in Appendix E. 1. i 
shows data obtained by Fournier and Pigache for T^/T. 1 . Compared with 

the data of the Z^^-axis for T^/T. s lO, an inverse dependence of the axial 
peak amplitude on T^/T^ is clearly demonstrated. However, three points 
should be made concerning the temperature dependence of these data. First, 
even though the axial peak height is shown to decrease with decreasing T^/T^ 
and vanish at T /T. < 1 , we note that a distinct peak remains at T /T^ = 10 
and that in the ionosphere, T^/T. = 2, not unity. Therefore, a peak, possibly 
cn the order of the ambient plasma, could still be expected to occur based on 
these data. This conclusion is also supported oy the theoretical calculations 


of Gurevich, Pitaevskii, and Smirnova which sh<^w' a slight axial ion peak for 
T^/T. = 4 (Appendix C.4). Further, the calculations by Fournier show slight 
axial disturbance for T /T. = 2 (Figure C-lO, Appendix C. 6), Secondly, the 
value of S on the Z -axis is about twice its value on the Z -axis. Figure 4-13 

X 

(obtained for T^/T^ »1) shows that the effect of increasing S is to decrease 

the peak height. Therefore, if there were no change in S from the Zg to the 

Z , -axis, an even greater peak height would be expected for T /T 10 on the 
1 e i 

Z,-axis, relative to the data for T /T. ^ 1 on the Z„-axis where the value of 
1 e 1 2 

S s 5 is appropriate for the ionospheric conditions. Thirdly, the experi- 
mental results were not obtained for a Maxwellian or random motion of the 


io iS. 


The value of T^ is therefore not a true temperature but represents an 
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effective temperature based on the mean ion motion normal to the flow direc- 
tion. This may produce a more severe effect than a true thermal ion motion. 

Concerning the second possibility, no theoretical or experimental work 

is presently available for > 10* which would apply directly to the case of 

the Gemini capsule (R^ ca 500). However, as previously stated, the present. 

study shows the peak height to be independent of R^ (Figure 4-13). This 

conclusion is supported by the data obtained by Fournier and Pigache shown in 

Figure E-16 of Appendix E. 1. i, which qualitatively extends the result out to 

R , ^ 50. Therefore, since the experimental data show no dependence of the 
d 

peak height on for over an order of magnitude, it is reasonable to expect 
it to remain independent of R^ for the case of the Gemini capsule as well. 

Since neither of the first two possibilities ^pear likely, we must 
consider why, if an axial peak existed, it was not observed. There are two 
possible reasons: (1) the n. ximum peak amplitude was less than ambient in 
which case it could only be revealed by transverse profiles which were not 
taken and (2) the peak was sufficiently narrow that it was simply missed due 
to alignment error in the axial profile. 

As concluded above, if an axial peak existed from the available results 
of both theory and experiment, it would be expected to have an amplitude no 
greater than the ambient plasma. This is precisely the type peak observed in 
the Ariel I data. Further, these peaks were observed by transverse profiles 
made by the boom probe sweeping through the wake region at Z s 5 • 

Therefore, the first possible reason for nonobservation of an existit^ peak is 
very plausible. 

Concerning the second possible reason for nonobservation of an exist- 
ing peak. Figure 4-14 shows the peak width to vary from several radii to less 
than a radius, depending on the body potential, The conditions for the 

Gemini -Agena 10 and Ariel I observations were similar -5) and would 

place the expected peak width at approximately 3 radii. As stated above, the 
peak height is expected to have been no greater than the ambient plasma. 
However, Figure 4-15 shows ejq)licitly that, even when the axial peak is 
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Figure 4-15, Effect of misalignment on axial ion current density profiles 

and the ability to detect the axicl ion peak, (a) a transverse J/J 

profile at the point of maximum enhancement, (b) an axial 

profile on-axis, and (c) an axial profile displaced 

R /2 off the Z-axis, after Samir et al. [75], 

0 
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considerably greater than ambient, a small displacement of an axial profile of 

1 to 2 is sufficient to prevent its observation. For the case of the Gemini 

capsule where the peak width is expectec^ to have been approximately 3 radii, 

it follows that a displacement of 1. 5 to 2 R_ , . would have resulted in the 

Gemini 

same effect. Misalignment errors of this size are entirely consistent with the 
known misalignment on the Gemini-Agena 10 mission [75]. 

4. Experiment D . The purpose of the measurements in this section is 
to demonstrate some of the effects of bo, • geometry on the mid-wake structure 
over the available range of parameter space. The initial measurements for 
this purpose were made in the MSFC No. 2 facility. The details of the facility, 
the ej^erimental setup, and the results of two sets of measurements are 
described elsewhere [78, 79] , 

In the first set of measurements, the mid-wakes of a conducting sphere 
and a short cylinder with its axis of symmetry oriented perpendicular to the 
XZ -plane were investigated [78]. The cylinder was studied over the parame- 
ter range (S, R^) s (7, 12), (12, 13), (7, 22), and (12, 25) with ^ having 
values of -4, -2, -1, and -0.4 volts for each case. The same voltages were 
applied to the sphere for the parameter range (S, R^) = (7, 13), (13, 12), 
and (13, 25). 

The main conclusions obtained from the first measurement set are: 

(1) The location of the £uaal ion peak at Z = SR^, as discussed in 
EX|. riment B, is further confirmed for spherical bodies, but may depend on 
body geometry to some extent. 

(2) The peak amplitude was found to be directly proportional to and 
Ajj , but to be relatively independent of S. 

( 3) The initial width of the disturbance at the test body varies with 
Xjj but is independent of S. 

(4) if an axial structure occurs in the mid-wake of spherical bodies, 
it was observed to be in the form of a single peak fc:* all cases whereas the 
axial structuie for the cylinder, oriented perpendicular to the flow, was 
always a multiple peak or plateau for the cases observed. 
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( 5) The axial peak in the wake of spherical test bodies may be several 
in amplitude whereas the peak height behind the perpendicular cylinder was 
never observed to rise significantly above ambient. 

In the second set of measurements, the mid-wake was studied for a 
sphere, two disks of different diameters, a cone with its apex pointed into die 
flow, a short cylinder mounted with its axis of symmetry parallel and with it 
perpendicular to the flow direction, and a square {date oriented normal to the 
flow. The additional conclusions obtained from these measurements are: 

( 1) the previous conclusion concerning a single peak for si^eres and multiple 
peaks for perpendicular C3iinders is extended to include all bodies widi circu- 
lar and square cross-sections normal to the flow direction, and ( 2 ) the cross- 
sectional geometry of the body parallel to the Low direction does not aj^ar to 
alter the basic morphology of the mid-wake structure, but may affect its 
amplitude and location on the (Z/R^I axis. 

The conclusion c»nceming the location of the axial ion peak at S • 

has already been discussed in Experiment B and the dependence of peak anq)li- 

tude was shown explicitly in Experiment C. Upon closer examination of the 

first data set, a deoendence of the peak height on S was observed and found to 

1 / 

be in agreement with the inverse S ^-dependence found in E}q)eriment C. 

Also, the dependence of peak height on was found to apply primarily to the 
normal cylinder. 

The conclusion that the peak height deoends strongly on (and 
thererore ) appears to be a direct contradiction of the results of Eiq)eri- 
ment C and those of Fournier and Pigache (Appendix E.l.i, Figure E-16) 
where no R^ dependence was found. 

Additional measurements (Figures 4-16 and 4-17) have been made in 
the MSFC No. 1 facility to attempt to resolve this apparent contradiction , 

Ion current density profiles of the wake of a short ( 8 cm diameter by 8 cm 
long) cylinder oriented with its axis of symmetry normal to the XZ -plane (and 
hence the flow direction) are shown in Figure 4-16, The acoustic Mach 
number, S, is constant for all cases. The only difference in the (a) and (b) 
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for both cases are indicated 




profiles is a change in the Debye ratio from 5«4 for (a) to 4.25 for (b). 

A very strong inverse dependence of the peak height, 

indicated, in agreement with the Oran et al. data [78|. Note that the behavior 

shown in Figure 4~1() approaches that of a spherical test body (Figure 4-9) for 

large negative values of 4>. , 

b 

In Figure 4-17, the same types of profiles are given for a 2.54 cm 

diameter cylinder orient*' with its axis of symmetry normal to the XZ -plane, 

which is sufficiently long to eliminate end effects (i.e. , it essentially spands 

the plasma stream). This case, therefore, represents a ocnqdetely two- 

dimensional problem. The Debye ratio, R^, decreases from 1.74 in (a) to 

0.74 in (b) while tlie ion acoustic Mach number, S, increases from 9.35 to 

15.8. Note that there is now a strong decrease in (J /J 1 from the conditions 

P 

in (a) to those in (b). If this is the result of R^-dependence , then it is the 
inverse of the dependence indicated in Figure 4 * . Since this seems unlikely, 
we assume that the mid-wake structure for tlie long cylinder is relatively 
indt'pendent of R^ and has an inverse dependence on S which is consistent 
with the results for spherical bodies in Ejqieriment C. 

We iKiw have a rather confusing picture of the behavior ' the mid-wake 
axial ion peak height: (1) a very weak or no dependence on R^ tor spherical 
bodies, indicated by Experiment C and Fournier and Pigache, (2) a stixjng 
inverse R^ dependence for short, normally oriented cylinders (or any square 
cross sectional body), indicated by Figure 4 -IG and Oran etal. , and (3) 
probably a very weak, or no R^ dependence for long, normally oriented 
cylinders, indicaU'd by Figure 4-17. Although additional data are needed to 
carry out a complete parametric study as was done in Experiment C, the 
present data are sufficient to suggest the following explanation which is con- 
sistent with all available data and is based simply on the behavior of the 
plasma sheath. The hypothesis, briefly stated, is that body geometry is 
important to the intermediate woke structure only when tiie plasma sheath 
thickiK'ss is relatively small compared to the body dimensions (R^ greater 
than some value). 
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TVo plasma sheath thickness is directly proportional to and 
inversely proportional to R^, Therefore, for small and/or large R^, 
the sheath thickness is small compared to the test body dimensions and, 
therefore, conforms closely to the test body geometry. For spherical bodies, 
this is not particidarly important. However, for nonspherical, and particu- 
larly nonaxisymmetric bodies, this results in a decrease of the axial ion peak 
height since all deflected ions are not focused onto the Z-axis. As 
increases and/or R^ decreases, Uie plasma sheath expands outward from the 
test body and takes on an increasingly spherical geometry. This increases the 
effective spherical symmetry of the test body and correspondingly increases 
the axial ion peak height. 

Specifically, for test bodies with square cross-sections, the focused 
ion streams will converge to a pair of orthogonal line segments approximately 
the length of the test body dimensions. This is consistent with the broad 
plateau regions observed in the mid-wakes of such bodies by Oran et al. [78] 
and shown in Figure 4-16 (a) (♦^^=-27). As increases and W R^ 
decreases, the mid-wake takes on a behavior consistent with diat of spherical 
test bodies. Note that in Figure 4-16(a) (larger R^) the sheath is slower to 
acquir spherical symmetry ^ -50) than in Figure 4-16(b) (smaller R^) 
where a single, above ambient axial ion peak consistent with spherical test 
body behavior is reached at -27. Recall that, from the Oran et al. 

data, the S -dependence (which should not depend on the sheath behavior) for 
bodies with square cross-sections was found to be consistent with Uiat found 
for snhei.cal test bodies in Experiment C. 

The above hypothesis is also consistent with the data for the long 

cylinder. For an infinitely long body, the sheath geometry will not change 

from that of the body as it increases in thickness. Therefore, no strong R^ 

dependence is expected for this case. We have already noted above, that the 

axial ion peak for the long cylinder (Figure 4-17) increases while R^ 

i‘‘»creases. This behavior apparently defies any logical explanation and, 

further, is inconsistent with the R .-dependence clearly established by the 

d 
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data of Figure 4-16. This change in the axial ion peak must, therefore, result 


from variation of S. If so, inversely proportional to S , which is 

consistent with the results of EJxperiment C as well as the Oran et al. data. 


The measurements by Oran et al. using a disk showed the peak height 
to have a weak, inverse dependence on for fixed (and therefore to be 
inversely proportional to ) . This observation is also consistent with the 
above hypothesis. Although axisymmetric, the disk does not extend down- 
stream and therefore, for large R^ , ions are exposed to the sheath field for 
a short distance near the disk edge. As R^ decreases, the sheath expands, 
becomes more spherical, and therefore acts on the deflected ions for a greater 


distance. For any given as decreases, the peak is drawn in closer 
to the test body, the deflected ion streams travel a shorter distance and 


therefore diffuse less, resulting in a slight increase in peak height. This 

effect is also demonstrated by an increase in and it was found that the peak 

b 

heights of the disks £^proached that of the sphere at = -4 volts. 

Finally, for spherical test bodies, there will be no geometric change of 

the sheath regardless of the values of 4>, and R ,. Opposing effects of 

b d 

increases in annular area (for deflected ions) and the diffusion of the deflected 
ion streams (both of which depend directly on R^) result in a very weak R^- 
dependence as found in Experiment C. 

So fai', all measurements have involved geometrically simple bodies 
(i.e., spheres, disk, plates, cones, or cylinders). A few satellites have 
approximated these sin^ile geometries. For example, the Ariel 1, excluding 
its booms, was roughly spherical and the Explorer series satellites are 
cylindrical, similar to the cylindrical bodies used in the above studies. 
However, in practice, the effects of solar petals and booms must be con- 
sidered and more advanced spacecraft such as the Apollo scries, the Russian 


Soyuz, and the Space Shuttle arc geometrically complex. The data shown in 
Figures 4-18 and 4-19 for the test bodies shown in Figure 4-20 are intended to 


provide a very qualitative example of the effects which may occur for geo- 
metrically complex bodies. 
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Figure 4-20. Schematic showing geometry and orientation of the 
Apollo and Soyuz models. Inclination of the Apollo model 
to the flow direction is 5* to 10®. 


The two bodies, shown schematically in Figure 4-20, were scale 
models of the Apollo and Soyuz spacecraft, with radii of 2,85 and 1.95 cm, 
respectively. The plasma stream consisted of 20 eV N 2 ^-ions with 2073® K 
electrons and a density of 1 x l0*/cm’. The resulting flow parameters are 
S ^ 10.6, ~ -3.6, and 3 and 2 for the Apollo and Soyuz models, 

respectively. The corresponding parameters for these vehicles at 200 km 
altitude are S = 7, = ~5, and = 300 to 500. Because of the discrepancy 

in the R^ parameters and the fact that extrapolation of results to such high 
values is not justified on any currently available experimental or theoretical 
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results, the data must be considered in a very qualitative nature. However, 
they do demonstrate effects of complex body geometry which may carry over 
into the spacecraft-ionospheric interaction. 

Figure 4-19 shows transverse ion current density profiles in the wake 
of die Apollo model with its axis of symmetry rotated slightly (5 to 10**) from 
the flow direction. For all intensive purposes, the Apollo model is ^iproxi- 
mately a short cylinder, which according to Oran et al. [ 79] behaves essen- 
tially like a sphere when aligned with the flow. However, we observe here 
that the sli^t rotation has produced an asymmetry in the wake that persists 

until it diffuses into the ambient stream at Z It ^ 50 . 

o 

In the near wake, this asymmetry manifests itself in the form of an 

expanded void and a dominant VB stream on the left side. The left side 

corresponds to the most upstream end of the model and the behavior is, 

therefore, simply explained by the fact that the wake on this side has rou^ly 

5 R greater distance to develop than the ri^t side of the wake, which is 
o 

behind the most downstream end of the model. It is interesting that the 
asymmetry carries over into the far wal<e, where the disturbance extends 
further on the right side. This would indicate that the right side of the far 
wake is influenced by the left side of the near wake, consistent with a crossing 
stream behavior. Therefore, although £}q>eriment A shows that the TV 
streams form approximately a Mach cone, they must be influenced to some 
extent by the near wake converging streams. This casts some doubt as to 
whether they are true collective wave phenomena. 

Figure 4-18 shows the wake generated by the Soyuz model. The ion 
density profiles for this test body are distinctly different from all others 
previously discussed. The Soyuz itself is approximately a cylinder aligned 
with the flow direction. However, the effect of the solar panels is very 
evident. 


Since the cross-section the solar panels present to the plasma stream 
is essentially a line (thickness/A^ « 1 and length/A^^ ^ 4) and since, on the 
basis of this e^qieriment, its Z-dimension is not expected to alter the basic 
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morphology of its wake, it can be expected to generate a disturbance similar 
to the long, very small diameter cylinders investigated by Hester and Sonin 
(Appendix E.l.g, Figure £-11). The small diameter cylinders were found to 
create a very small (if any) void region and their axial ion peaks to persist 
several thousand radii downstream. The main body of the Soyuz model, on the 
other hand, would be e}q)ected to produce a disturbance similar to a medium- 
sized body with axial symmetry; i.e. , a significant void region, a mid-wake 
axial ion peak, and a trailing V structure in the far wake. 

These expectations agree with the data in Figure 4-18. Note that no 
void is observed behind the solar panels, at Z/H^ s 0.16, which have already 
produced an axial ion peak while the void created by the main body has not been 
filled. Progressing downstream, the peaks produced by the solar panels are 
seen to begin to divide at [Z/R^] ss 8. 3, while the axial ion peak of the main 
body is just beginning to form. At [Z/R^] = 20. 8, the dual solar panel peaks 
have propagated some distance apart while the axial peak of the main body is 
just beginning to divide. Further downstream, the main body peak tends to 
form a trailing V structure. 

Apparently, the net disturbance created by this rather complex test 
body is formed by linear superposition of the component wakes. If this is 
correct, it will greatly simplify the analysis of the ionospheric disturbances 
generated by geometrically complex spacecraft, such as the Space Shuttle. 

The present data are insufficient to properly test the linear supposition 
hypothesis. However, this can be done by investigating the characteristics of 
the wake constituents (i.e., the behavior of J /J , the propagation angles 
of the converging and diverging streams, etc.) and comparing these with the 
parametric behavior of the independent test body components established 
above. 

It should again be pointed out that due to the large difference in for 
spacecraft and the laboratory models, the nature of the wakes generated in the 
two cases may be different. However, the actual thickness of solar panels or 
the Space Shuttle wings and stabilizers are such as to place them in the 
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range investigated in laboratory studies where an axial peak was observed. 

The value of for the Space Shuttle main body, on the other hand, is larger 
than any value investigated in the laboratory and the disturbance of such large 
bodies remains unknown. However, even if the interaction in space is sig- 
nificantly different, the effc its of mixed wakes, such as linear siqierposition 
of the cv^nstituent wakes, may remain valid. 

5. Experiment E . The purpose of Ebqjeriment E is to investigate the 
overall envelope of the zone of disturbance and its amplitude (excluding the 
axial ion peak) . All of he previous experiments have dealt almost exclusively 
with some aspect of the behavior of the ion streams deflected by the electric 
field in the plasma sheath. Here, we will be concerned primariiy with the 
behavior of the rarefaction wave left by the displaced ion streams (see Figure 
4-21 for a definition of terms). The scaling parameters have been picked to 
closely match those of diagnostic instruments in the ionosphere in order to 
show the type of interference that might occur between instruments (73] . 

The data presented below were obtained for a spherical body in Case 1, 
a cylindrical body oriented with its axis of symmetry perpendicular to the flow 
in Case 2, and a cylindrical body oriented with its axis of symmetry parallel 
to the flow in Case 3. The data consist of ion current density profiles taken 
with a Faraday cup with a 0.32 cm diameter, electrically floating aperture. 
Body diameters, for comparison, were > 4 cm. 

The details of the three cases are given in Table 4-1. Cases 1 and 2 

consist of three sets of data each, corresponding to different values of 4>|^ . 

The ion acoustic Mach number, S, is essentially the same and the Debye ratio, 

R ., is similar to within 30 percent for all cases, whereas $ varies greatly, 
d D 

Therefore, the primary difference between the cases will be the geometry of 
t'lc test bodies and their normalized potentials. 

For comparison, the corresponding parameters for the ionosphere at 
altitudes of 150 and 200 km have also been listed in Table 4-1. The Mach 
number range is seen to compare favorably with values obtained in the labora- 
tory. The values of in the laboratory are also similar (within about 50%) 
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Figure 4-21, Ion current density profiles downstream from a conducting 
sphere for R^= 5.7, S= 10.6, "xud -14 (Case I), 

after Stone et al. [86]. 
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TABLE 4-1. EXPERIMENT BODY AND PLASMA PARAMETERS AFTER STONE et al. [73J 
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to tfaoee in space. By scaling the body size to obtain tbe same values of , 
we find that the laboratory eiqperiment rou^y simulates bodies of 3 to 6 cm in 
diameter. The geometries of the three cases and the corresponding scale 
sizes in the ioncsi^ere are therefore iqipropriate for commonly used diagnostic 
probes such as spherical and planar icn trt^s, retarding potential analyzers, 
and spherical Langmuir probes. 

In considering the data from the above e]q>erunent in the context of its 
application to foture Spaceiab eiq)eriments, two aspects of the proUem of probe 
interference will be addressed: ( 1) the spatial extent of the zone of disturbed 
plasm around an instrument and (2) tte possible nature and magnitude of 
disturbances within this zone. 

The spatial extent of the disturbed zone is determined primarily by two 
factors: the initial width of the disturbance at the widest or "critical*' cross- 
section of the body and the rate or growth as it moves downstream from the 
body. 'Ihe initial width consists of the v^idth (oi effective diameter) of the 
body (2 R^) and the thickness or width of the plasma sheath on each side (2 X) . 
The unknown factor is the sheath thickness X, which is determined by subtract- 
ing 2 H from t e initial widdi of the disturbance, W ; i.e. , X = (W -2R )/2. 
**0 o ' o o' 

W is found from the ejqperimentally determined width at a number of points 
o 

downstream by a linear extension back to the position of the critical or largest 
cross-section of the body. For the sphere of Case 1 and the perpendicularly 
oriented cylinder of Case 2 this occurs 1 upstream from the rear surface. 
For the parallel cylinder of Case 3 it occurs at the leading surface, 2 R^ from 
the rear. In analyzing foe data, foe location of foe critical cross-section is 
always taken to be the origin for foe Z-axis, where Z is the distance 
downstream. 

Figure 4-22 shows the sheath thickness, determined in foe previous 
method and normalized by foe Debye length, X /Ajj, plotted as a function of the 
normalized body potential divided by the ion acoustic Mach number, S. The 
large error bars result from th#' extr£qx>lation process used to find the initial 
width of foe disturbance W . T his figure shows roughly how the sheath 
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thickness can be expect- d to increase in terms oi as a function of increas- 
ing I S, It should be pointed out that while, in the past, low-altitude 
satellites have generally experienced I values of less than 10, large 
potentials may be encountered on the Space Shuttle as a result of its size (and 
hence large V x B emf’s) , differential charging and nonidealized surface con- 
ductivities, and the operation of other experiments which may have an impact 
on spacecraft charging. 

Figure 4-23 shows the rate at which (he disturbed zone grows as a 
function of distance downstream. This is determined by subtracting the 
initial width \V^ from the width measured at a given position downstream, 
W(Z), or AW - IW(Z) - W^J '2. This shows that when the growth is normal- 
ized by and multiplied by the ion Mach number, the dependence is a linear 
function of (Z This indicates that tlie rarefaction wave propi^tes out- 

ward from the initial disturbance at approximately the ion acoustic speed and 
the boundaries of the disturbance are defined by a Mach angle 0 = sin“* (1 ''S). 

Further, since all seven sets of data obtained over a wide range of | ♦. | fall 

b 

on the same line. Figure 4-23 indicates that the disturbance growth rate is 
independent of body potential (although the initial size is a function of , 
as shown by Figure 4-22). This is in general agreement with theoretical pre- 
dictions by Martin 1131 for wakes of small bodies. 

V\e will now address the jiossible nature and magnitude of the disturb- 
ance to provide some indication of the seventy of the impact on measurements 
made within such a disturbed zone. Figure 4-24 shows the ion current density 
in the trough of the rarefaction wave, normalized by the local ambient current 
density, as a function of distance downstream from the body. Interference 
from other structures in the wake, such as the current enhancement on the 
wake axis seen in Figure 4-21, makes detailed analys. of the wave depth 
questionable. However, Figure 4-24 serves to point out quite adequately that 
at rather large distances downstream the most extensive structure of the 
disturbed zone, the rarefaction wave, produces reductions of up U> a factor of 
3 in the measured current density. 
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Figure 4-23. Growth of the extent of the disturbed zone AW, normalized 
by R with normalized distance downstream, 
after Stone et al. [73]. 
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As was previously stated, laboratory simulation experiments dealing 
with the perturbations created by instruments or instrument assemblies to be 
used on large space fdatforms such as Spacelab are inherently incomplete and 
inexact, and the limitations of such studies should be remembered. Specific- 
ally, in the present work, no attempt was made to scale the temperature ratio 
(T^/T^) prc^rly. However, if fairly large poteutials are anticipated in the 
neighborhood of instruments (as may be the case for Space Shuttle /Spacelab 
experiments) , the above limitation may not be crucial, as indicated by the 
experimental results by Fournier and Pigache (Appendix E. l.i) and the theo- 
retical predictions by Fournier (Appendix C.6). (It should be emphasized 
that the experiments discussed here have ^plication only to possible inter- 
ference between instruments and do not apply to the disturbance created by the 
Space Shuttle itself. Presumably, instrument packages will be removed from 
the disturbed plasma zone around the orbiter. ) On the other hand, the poten- 
tial contribution of such laboratory investigations to the planning of future low- 
energy particle measurements is clearly shown. By carrying out parametric 
investigations in the laboratory it should be possible to assess the magnitude 
and extent of the perturbations created by various instruments. This will be 
helpful in avoiding the possibility of locating other instruments in the zone of 
disturbed plasma created by a given probe. This possibility is expected to be 
an important consideration in the design of multiprobe ensembles, such as 
subsatellites and boom-mounted or e jectable diagnostic packages to be used on 
future Ppace Shuttle /Spacelab missions, 

B, Electron Temperature Measurements in the Near-Wake Region 

The purpose ot this experiment is to investigate the behavior of the 
temperature of electrons in the near-wake region to better understand the 
in situ observations of T^ -enhancements in the wake of the Explorer 31 satel- 
lite by San\ir and Wrenn [801 and Troy et al. 1421 and in the wake of the 
Gemini-lO capsule and Agena wakes by Troy et al. (43) (Appendix D. 2.b). 
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The data for this experiment were obtained in the MSFC No. 2 facility 

downstream from an 8 cm diameter conducting sphere in an Ar*** -plasma. The 

measurements were made with a stainless steel, cylindrical Langmuir probe 

1. 5 cm long and 0. 1 cm in diameter. The probe surface was bombarded with 

a high energy ion stream before each set of measurements was taken to 

remove surface contamination. In addition, the characteristics of the probe 

were diecked before and after each run to insure that no hysteresis developed 

(i.e. , the effect of nonuniform potential on the probe collecting surface). 

It is recognized that the electron distribution in the near-wake region 

may not be Maxvi’ellian. However, the values shown were obtained by 

fitting a straight line to a plot of fn (I ) - vs - ^ in the conventional manner 

e p 

(Appendix F) . The point at which the data break away from the line is taken 
to occur at the plasma potential, . The length of the linear portion of the 
data is taken as a test for a Maxwellian distribution. Typically, the data were 
linear over 1. 5 decades for both ambient and wake measurements. (The 
current collected by the probe was amplified in the wake region to compensate 
for the decrease in current level. ) Experimental error for T^-determination 
was <20%. 

Figure 4-25 shows an example of a set of transverse lT^(wake)/T^^]- 

profiles at various distances downstream from the center of a body at floating 

potential (0, “ -0.3 volt). Note that T =T (freestream). Enhancements 

of T^ significantly abo\e the experimental error are shown in the near wake, 

downstream to Z ^ <3.5 and out to X/R s ±1. Since S 7 for these 
o o 

data, the point at which the T enhancement vanishes coincides roughly with 

e 

the point a*^ which the converging VB streams cross the Z-axis and fill the ion 
void. Further, the transverse extent of ^ ±1 roughly coincides with the 

radial boundaries of the ion void. It therefore appears that the T^ enhance- 
ment is confined to the ion void in the near-wake region. It is also interesting 
that the magnitude of the enhancement (~2) is of the same order as the 
maximum enhancements observed in ionospheric wakes (Appendix D.2.b). 
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Transverse (T^(wake)/T^^l profiles were also taken at a fixed distance 

downstream (Z/R^ = 1.3) for chamber pressures, ranging from 4 x 10“* to 

2. 5 X 10~^ torr, to determine the possible effects of slow, charge exchange 

ions (Chapter III.E). These data, shown in Figure 4-26, indicate an inverse 

dependence of (T^(wake)/T^^J on chamber pressure, and hence slow ion 

concentration, n /n.. The dependence is obviously nonlinear, increasing mcae 
S I 

rapidly with P at lower pressures, but [T^(wake)/T^^J appears to be mono- 
tonically increasing with decreasing pressure (or n /n.) over the range 
studied. This would seem to support the hypothesis of Samir and Wrenn that 
a potential well in the near wake may be involved [80]. Slow ions have no pre- 
ferred direction and are, as a result, not swept out by the test body as are the 
plasma stream ions. They tend to diffuse into the ion void region and neutral- 
ize the negative space charge created there; or if a potential well were created 
(where the space charge potential is more n^ative than the slow ions 

would tend to decrease or eliminate it. Therefore, if the T enhancement in 

e 

the wake is produced by a potential well (through either wave^article inter- 
actions within the well or selective three-dimensional screening of the incom- 
ing electrons) , an inverse dependence on the slow ion concentration ( and hence 
chamber pressure) would be expected, as shown in Figure 4-26, 

Evidence for the existence of a potential well in the near wake has been 
found theoretically by Fournier [23], Call [12], Taylor [20] Maslennikov and 
Sigov [17], and Parker [21] (Appendix C) and experimental!}' by Illiano and 
Storey [57] (Appendix E). Although the Illiano-Storey data revealed no valid 

T enhancement, it should be noted that the measurements were taken with a 
e 

button collector which occupijd a small area on the equator of a conducting 
spherical test body which could be rotated. It appears that both the button 
collector and the test body were swept and current was collected either from 
the button collector, alone, or the entire sphere. This would not correctly 
reproduce the conditions of the Ariel I and Explorer 31 s-.rface probes, where 
the spacecraft remained at floating ’potential. Therefore, while the observa- 
tion of a potential well is significant, the lack of a T^ enhancement is by no 
means conclusive. 
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Figure 4-26. Transverse profiles of (T (wake)/T ] at Z/R =1,3 

e ' eo o 

downstream from a conducting sphere at several chamber pressures 

forT = 800*K, n. s 5x 10</cm’, E. = 4.5eV, and 
e lo 1 

0 s +0,3 V, after Oran et al, [76], 


In Figure 4-27, axial profiles of the [T (wake)/T ] ratio are plotted 

e eo 

for three sets of conditions. In Figure 4-27(a), the plasma stream conditions 
and chamber pressure are similar to those of Figure 4-26. Note that the 
enhancement becomes greater near the test body as 4>j^ becomes increasingly 
negative, but that its extent downstream decreases. This, again, is consistent 
with the behavior of the ion void region which is shortened for highly negative 
as a result of VB stream focusing. In Figures 4-27(b) and (c) , the main 
differences from part (a) are an increase in T^^ (approximately a factor of 2) 
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ire 4-27. (Concluded) 






and an increase in n^^ (approximately an order of magnitude) , respectively. 

In neither case is there any evidence of a T enhancement, indicating the 

c 

enhancement to vanish with increasing T and n. . 

eo lo 

Although not known when this work originally was published, Gurevich 
et al. [32] have theoretically studied the expansion of a mixed ion composition 
plasma into a vacuum ( directly analogous to expansion of the atmbient plasma 
stream into the near-wake, ion-void region) . In this study, it was found that 
the electric field set up by the ambipolar diffusion process accelerated light 
ions to higher velocities than the heavy ion constituents, therefore initiating 
essentially a two-stream instability when the ratios of light and heavy ion 
concentrations were within certain limits (i.e. , obviously two streams cannot 
exist when the percentage of heavy ions is 0 or 100) , 

Based on the Gurevich et al. results, one might expect a rimilar two- 
stream instability to occur as a result of the fast, plasma stream ion passing 
through the slow charge exchange ion population. Further, the results of 
Gurevich et al, should indicate the ranges in which this instability can 

occur. Figure 4-28 chows a plot of the (T^(wake)/T^^J *'alues shown in 
Figure 4-26 at x = 0 plotted against n /n, values corresponding to the 

S I 

indicated pressure (Chapter III, Figure 3-8). The dasheu line lepresents 
values of oscillation amplitude, predictec by Gurevich et al, , multiplied by its 
frequency. (We assume that this product should be proportional to any effect 
of the waves on the particle populations. ) Note that the occurrence of instabil- 
ities and their dependence on n^/n^ corresponds roughly to the behavior of 
[T (wake)/T ] observed by Oran et al. 

0 0O 

We can therefore postulate that ( 1) the two-stream instability occurred 
throughout the plasma stream, creating a small population of electrons with an 
enhanced temperature, (2) that the concentration of the new electron popula- 
tion was small so that they were masked by the ambient electrons when 
measurements were made in the freestream, and (3) that they were observed 
in the wake due to the negative space change potential, which screened out 
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Figure 4-28. Comparison of the variation of [T (wake)/T ) with 

0 GO 

n^/Pf as determined by Oran et al. [7f.’ , with growth of 
^instability (amplitude x frequency) predicted by 
Gurevich et al. [ 32 ] . 


most of the ambient electrons, leaving a higher relative concentration of the 
new electron population which was more energetic and therefore more effec- 
tively penetrated the potential barrier. 

If this hypothesis is correct, it detracts from the Oran et al, results 
in their application to in situ observations of the enhancement since the 
enhancement will have been produced throughout the chamber but observed 
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only in the wake. Such an effect clearly does not i^p^y to the ionosphere since 
there is no corresponding slow ion population moving with orbiting spacecraft. 
However, in this context, the Oran et al. results take on a new importance in 
that they ( 1) point out an important electron energizing mechanism which is 
operative in plasma chambers, and (2) they indicate that the Gurevich et al. 
effect does occur and, therefore, point the way to a new set of experiments in 
which mixed composition plasma streams are studied. 

The validity of the above hypothesis seems to be su{ported by the fact 

that no clear T enhancements have ever been observed in the MSFC No. 1 
e 

facility (where there is no significant slow ion population), despite extensive 
and carefully conducted measurements. Further, it helps explain the inverse 
dependence of the enhancement on shown in Figure 4-27. If the 
ambient plasma-stream electrons are indeed heated by a wave-particle inter- 
action, then it is expected that tlie more energetic the initial electron popula- 
tion, the less dramatic will be the degree of enhancement. This seems 
reasonable, since the response of the freestream electrons to the wave- 
generated electric fields should be inversely proportional to their kinetic 
energy and hence the temperature of the initial population. 

C. Vector Ion Flux Measurements in the Near- 
and Mid-Wake Regions 

All of the previous experiments have involved only scalar measure- 
ments; i.e. , the magnitudes of J., J , T , E., and 0 . In these experiments 

16 0 1 S 

the entire flow field was measured and the flow direction inferred from sys- 
tematic variations in the ion current density profiles. The limitati>^ns of this 
tc '•‘’nique are well known. In the near-wake region where ion streams may be 
deflected through large angles, Faraday cup and RPA measurements of and 
E . will suffer a considerable error since they measure only the component of 
ion velocity normal to the probe face. Further, recall that it was not possible 
in previous experiments to distinguish between ion streams and true plasma 
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waves, created by collective interactu , since no information was available 
concerning the flow direction of the ions forming the observed wave-like 
structures. Tn the present ejqperiment, the Differential Ion Flux Probe (DIFP) 
[71] will be used to obtain point-by-point measurements of both the ion flux 
magnitude (current density) and direction in the near- and mid-wake regions 
of a long conducting cylindrical test body 2, 50 cm in diameter (Appendix G for 
a more detailed instrument description) , 

To indicate the positions of the vector ion flux measurements relative 
to the previously studied structure in the plasma flow field, ion current density 
profiles, such as those described in previous experiments, were measured 
simultaneously. To sin^lify the experimental procedure, a set of measure- 
ments for different values of 4>, were obtained with the test body fixed at each 

b 

axial position. An example set of these profiles obtained at Z/R ~ 11 are 

o 

shown in Figure 4-29. The scaliiig parameters for these data are ^ 1 and 

S'- T.a. The test body potential, is varied and its values are indicated 

in tlie figure. Most of the DIFP data discussed in the remainder of this section 

apply to this set of profiles, althougdi consistent results were obtained at 

several other axial positions. (In passing, it is interesting to note that the 

effect of becoming increasingly negative is similar to a transition along 

the Z-axis; i.e. , at 4>, - -2. 3 the ion void is observed, while at 4>. = -9.4 

b b 

the axial ion peak appeal's, and at = -146 the diverging streams of the far 
wake are seen.) 

An example of the DIFP data is shown in Figure 4-30. These data 

were taken at a single position sufficiently off to the left of the Z-axis that at 

«h, = -2,3, the DIFP was beyond the zone of disturbance and essentially 
b 

monitored tlic ambient plasma stream. However, as ‘I'jj became more 
negative, the zone of disturbance grew so that at -16.6, the axial peak 

began to affect the measurements which show two streams; the slightly 
deflected ambient stream from the left and a second stream deflected across 
the Z -axis from the right side of the body. These data will be discussed in 
detail later in this section. 
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Figure 4-30. Example DIFP raw data. Profiles show current collected 
as a function of deflection voltage with no retarding potential, 

<p 0) . Data obtained off axis for the conditions 

of Figure 4-29 with 4>, as indicated. 

b 

After Stone 199) . 

Figure 4-31(a) shows the axial variation of with The 

points connected by the curve were obtained from Figure 4-29. The squares 
represent values obtained from DIFP data by summing the amplitudes of all 
deflection peaks observed at a given value of These values are normal- 

ized by the peak height observed in the freestream. (The magnitude of the 
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Figure 4-31. DIFP data showing: (a) normalized sum of peak currents 

obtained on axis at Z/R = 11.2 for various values of JD, compared 

0 b 

with Faraday cup data,0, from Figure 4-29; and (b) the angle 

and amplitudes of the peaks corresponding 

to the data in ( a) . 

After Stone (99) . 





peak heights for the various $ ^-values are shown in Figure 4-31 (b)l. Note 
that the profiles in Figure 4 -31 (a) obtained from the Faraday cup and the DIFP 
agree reasonably well. The excess height of the point determined by the DIFP 
at = -2, 3 is due to a displacement of the DIFP off the Z-axis. The point at 
= -56 is too low because the deflection peaks observed by the DIFP in this 
region became broad. Since, strictly speaking, the area under the deflection 
curves gives the total current and not the peak height, the use of peak height is 
a reasonably good ^proximation of total current density only when the peak is 
relatively narrow. 

The data, given in Figure 4-31 (b), show the dependence of the deflec- 
tion peak heights on the angle of incidence for various values of These 
measurements were made on the wake axis at Z/R^ = 11. These data show, 
conclusively, the converging stream nature of the mid-wake axial ion peak; 
which could only be surmised previously from the scalar, current density 
measurements. Note that a slight (1 to 2*) mechanical misalignment added to 
a 4® inclination of the plasma stream, due to deflection by the geomagnetic 
field, caused the DIFP to be near the boundary of the void region for = 
-2.3, This is evident by the offset and the disparity between the two peaks 
obtained at this potential. For all other values of two streams were 
observed; one arriving from the left side of the body and one from the right. 
Further, the angles of the peaks to the probe face normal are significant and 
increase with increasingly negative 4*^^, in agreement with an expanding 
sheath. Both the left and right incident peaks rise in amplitude from near zero 
at 4>^ = -2, 3 to a maximum near = -7. 5 and they decrease in amplitude 
with further decreases in 4>^. This is the expected behavior of the converging 
VB streams observed in Experiment A of Section A. 

Figure 4-32 shows the spatial variation of the incidence angle and 
amplitude of the ion streams corresponding to the current density profile 
obtained for “56 (Figure 4-29). The locations at which tlie observations 
were made along the X-axis, relative to the current density profile, are shown 
in Figure 4-32{a). 
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Figure 4-32. Transverse variation of 0 and (J , /J ] for Z/R 11, 

peak o o 

-56: (a) current density profile from Figure 4-29; (b) angle 
of incidence, 0, variation for two converging streams; and 
(c) peak height variation. 

After Stone [99] . 
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Figure 4-32(b) shows the angle of incidence of the ion streams at 
various positions on the X-axis. (The angles in this figure have been 
corrected ioi the ambient stream inclination.) Figure 4-32(c) shows the 
corresponding peak amplitudes normalized by the freestream current density. 
Again, the two converging streams are aj^arent. Notice the almost linear 
variation in angle of the streams, beginning with zero deflection near either 
side of the disturbed zone (where the peak amplitude is near ambient) and 
increasing in magnitude until the deflected streams vanish on the opposite side 
of the Z-axis. (Note that this is not equivalent to following a single stream 
line. ) The points at which the deflected streams vanish should correspond to 
the leading edges of the VB streams observed in E3q>eriment A of Section A. 

Note that there is no evidence of any ion stream deflection in the data 
of Figure 4-32 other than within the plasma sheath. The observed angular 
dependence can be explained fully in terms of the simple stream line pattern 
predicted by Call (Figure C-7(a) of Appendix C) . 

The variation of the incident aitgle of the converging ion streams along 
the Z-axis is shown in Figure 4-33, Since the angles of the left and right 
incident streams are approximately equal, their average value is plotted, 
rather than the two separate angles, which vary slightly due to small errors 
in the placement of the DIFP. The solid curve shows the variation of the 
geometric angle, while the average ion stream incidence angles are shown by 
data points for a number of values at each axial position. Also shown is 
the ion acoustic Mach angle. 

For - “16,6, all ion stream angles observed are greater than the 
geometric angle and are therefore explained by simple ion deQection within the 
plasma sheath and possibly some additional deflection (also toward the Z- 
axis) by the space charge potential in the ion void region. However, it is 
interesting to note the extent to which the plasma sheath grows as 
becomes increasingly negative. The single point obtained at Z/R^ ^11 for 
4> = -146 implies that deflection occurred at approximately radii from the 
center of the cylinder, based on a simple geometric extension of the angle 
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Figure 4-33. Variation of e along Z-axis for the cc 

geometric an^e subtended b; 


of incidence. (Additional deflection by the negative space charge potential in 
the ion void region would tend to decrease this value, but this should be small 
compared with the deflection produced in the sheath for such a highly negative 
test body, ) 

As the body becomes less negative ( > -16,6) , several angles of 

incidence are observed to be less than the geometric angle; specifically, the 

points for = -9.4 and -5.8 at Z/'R ^ 6.9 and 4>, = -2,3 at Z/R ^ 11. 
b o b o 

The streamlines corresponding to these angles of incidence cannot be explained 
in terms of the simple monotonic deflections predicted by Call in Figure 
C-7(a) of Appendix C. Although the present data are much too coarse to 
determine the detailed behavior of these streamlines, since any attractive 
force on the ions within the plasma sheath would result in angles greater than 
the geometric angle, it is definitely established that the streamlines undergo 
additional deflections some distance downstream from the body and are there- 
fore of the type predicted by Call (Figure C-8(a) of Appendix C) and 
Maslennikov and Sigov (Figure C-2 of Appendix C). 

The downstream deflection of ion streams was hypothesized by Hester 
and Sonin to explain the systematic variations they observed in ion current 
density profiles (Appendix E.l.g). However, with this exception, multiple 
deflected streams have received little attention and have never been directly 
observed before. The fact that they are found at this position only for small 
4> values is consistent with the explanation given by Hester and Sonin; i, e. , 
that the component of ion velocity normal to the Z-axis decreases with dis- 
tance downstream and that the ions will be repelled from the Z-axis by the 
positive space charge potential associated with the axial ion peak when 

1/2 m. V ^ = e<p (Appendix E.l.g). 

IX s 

Angles of incidence smaller than the geometric angle have been con- 
sistently observed for a number of cases for small values of As pre- 
dicted by Martin, this effect would be expected to be more pronounced for 
spherical, or at least axisymmetric, test bodies (Appendix C. 7). However, 
the present DIFP is capable of measuring angles only in the plane normal to 
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its slit axis, whereas an instrument capable of measuring angles in orthogonal 
planes is needed to study axisymmetric problems (see Appendix G for more 
details) . 

Figure 4-34 shows the average angle of incidence of plasma streams on 

the wake axis as a function of <t>^ and Z/R^ for two additional cases (not related 

to Figure 4-29, although the same test body was used). For Case I, where 

S ^ 15. 8, note that the angles are consistently less (the ion streams are more 

rigid) than for Case II, where S = 9.4. All curves, obtained at fixed values of 

1 / 

Z/R^ for large appear to have a 4*^ * dependence, while those obtained 
for small values of bave an approximate linear dependence on 4>^. Note 
also, that for most of these data and that of Figure 4-33, the angle of inci- 
dence depends strongly on 4>^. However, far downstream (represented only 
by one case in Figure 4-34; i.e. , Z/R^ = 47.7 for Case II) , the angle does not 
vary with This is consistent with the results of Experiment A in Section 
A, where the VB streams were found to depend strongly on while the far- 
wake TV streams were independent of the test body potential. 

Figure 4-35(a) shows the ion stream incident angles, 0, as a function 

of while Figui’e 4-35(b) shows the stream line amplitudes (deflection peak 

heights) as a function of 0. These plots correspond to the raw data shown in 

Figure 4-30, A schematic of the indicated behavior of the stream lines is shown 

in Figure 4-36. Note that the DIFP, offset to the left of the Z-axis, measures 

essentially the slighuiy deflected freestream from the left at = -2.3, while 

no ions are found to be deflected across the Z-axis at this position downstream 

by this small negative body potential. At = -16. 8, the sheath has ejq)anded, 

resulting in a larger ion void which approaches ambient conditions at the 

position of the DIFP on the left side of the body. Ions are just beginning to be 

deflected across the Z-axis and into the DIFP from the right side of the body. 

At 4> = -23.8, the void has expanded farilier on the left, resulting in a further 

b 

decrease in the left peak amplitude while the peak of VB stream, deflected 
across the Z-axis, is now approaching the DIFP. At higher values of the 
void continues to expand on the left and the left peak continues to diminish 
while the peak of the VB stream is deflected beyond the DIFP and therefore 
the right peak diminishes as well (see also Figure 4-30). 
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The DIFP measurements have allowed direct observation of ion streams 
deflected across the Z-axis by the potential gradients in the plasma sheath 
surrounding the body, have shown some detailed behavior of these streams as 
a function of Z, X and and have, for the first time, provided direct 
evidence of the deflection of the converging ion streams by potential wells or 
barriers downstream from the test body. However, in spite of this, the 
current measurements are sketchj' and greater detail is needed along with 
two-dimensional measurements which would not be limited to long cylindrical 
test bodies. A two-dimensional version of the DIFP has been built and 
successfully tested. However, obtaining results from the DIFP involves the 
tedious reduction of copious amounts of raw data and the addition of a second 
dimension will only multiply tliis. It is, tliereforc, not practical to carry out 
a detailed study with hand-reduced data. Such a study must, of necessity, 
involve an automated data-handling capabH ity. As mentioned in Section III, 
an automatic digital data recording system has been completed and work is 
progressing on tlie required software for data reduction. 
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CHAPTER V. CONCLUSION 


A. Summary of Results and Conclusions 

In the present study, the characteristics of the near- and mid-wake 

regions of disturbed plasma flow have been investigated downstream from 

conducting test bodies, primarily of spherical and cylindrical geometry. In 

this chapter, the results obtained will be summarized in the context of the 

physical processes involved, shown schematically in Figure 5-1. The primary 

case discussed will be for small bodies (R^ ~ 1) for which most of the data 

were obtained. E^xtension to other values of R , will then be made. For a 

d 

discussion of the upstream and far-wake disturbances, the reader is referred 
to the work of Foiu'nier [23) (Appendix C.6), Hester and Sonin [34] (Appen- 
dix E.l.g), and Woodroffe and Sonin [30] (Appendix C. 8). 

1. Disturbance Envelope . In the present investigation, the envelope 
of tile zone of disturbance, defined by the boundary between freestream condi- 
tions (J. '.T, = 1) and disturbed flow ( J. J. 1) , was found to depend on two 
factors: the initial width of the disturbance at the largest cross section of the 
test body, and the rate at which the disturbance propagates away from the 
Z-axis as it moves downstream. The initial radial extent of the disturbance, 
defined by the sum of the test body radius and the sheath thickness, was found 
to increase in direct proportion to tl.e negative body potential, (Figure 

4-22). It can also be expected to increase with the Debj’e length. The propa- 
gation of the disturbance boundary away from the wake axis was found to define 
a Mach cone, based on Uie ion acoustic Mach number, S (Figure 4-23). This 
ri'sult is in agreement with several theoretical treatments, including those of 
Rand [4,5] and Maslennikov and Sigov [17-19] which predict a Mach cone 
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Figure 5-1, Ion behavior within disturbed zone 



structure for bodies with a small potential (Appendices B and C). The 
rarefaction wave, which is the most spatially extensive characteristic of the 
disturbance, was found to decrease the ambient ion current density by as much 
as a factor of three at distance s great as 2(S • R^) downstream (Figure 
4-24) . 

The above conclusions are based on the parameter range = 4 to 6. 

S ^ 11, and = -3.8 to -47. Measurements by Hester and Sonin {51-53J 
(Appendix E. l.g) show the existence of pseudowaves for » S (streams of 
ions deflected across the wake axis by the sheath fields) which overrun the 
rarefaction wave and expand the zone of disturbance beyond the Mach cone, 
'dowevor, this effect was small in amplitude and decayed rapidly. It was 
probably not observed in the present ejqperiment due to the lai'^er diameter 
plasma source and, hence, a greater ion temperature which would diffuse the 
streams more rapidly, 

2. Ion Trajectory Focusing by the Plasma Sheath . The focusing of 
ion streams onto the wake axis by the electric field existing in the plasma 
sheath surrounding test bodies has long been inferred by the presence of 
diverging wave-like structures in the far-wake region. The present study 
provides the first direct observation of deflected ion streams and shows their 
angle of incidence to be proportional to fhe near wake for small body 

potentials (Figure 4-34). 

A "bunching” of the ion trajectories was found to occur at the radial 
boundai'ies of the ion void region (Figures 4-1, 2, 4, and 31(b) J. This effect 
has not been discussed in previous theoretical or experimental studies, but is 
apparent in the theoretical results calculated by Maslennikov and Sigov (18] 
(Appendix C. 2, Figure C-3). 

The present experimental measurements are not sufficient to reveal 
the physical mechanism which produces the observed ion trajectory "bunching" 
in the near wake. Neither do the calculations of Maslennikov and Sigov allow 
an explanation; and the effect does not even occur in other theoretical treat- 
ments such as the one by Call (12], which predicts a "fanning out" of the 
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deflected ion trajectories (Appendix C.5, Figure C-7). The near-wake ion 
trajectory groiqjing could be produced either by a collective effect on the ions 
(possibly a result of instabilities set up by the large density gradient at the 
void voundary) or by the shape of the potential gradient in tlie plasma sheath. 
More detailed measurements in the void boundary region are ixjeded to deter- 
mine the casual mechanism. 

3. Enhancement of Electron Temperature in the Near-Wake Ion Void 
Region. An apparent electron temperature enhancement, which coincided 
spatially with tlie ion void region, was observed in the MSFC No. 2 facility by- 
Oran et al. [77J, as shown in Figure 4-25. However, no physical e?q)lanation 
was given for the effect, which appeared to be similar to that observed in the 
'vakes of the Explorer 31 satellite and the Gemini-Agena 10 spacecraft 
(Appendix D. 2.b). In Uie present study, tliese data were re-evaluated. It 
was found that it could be partially explained by the effects expected to occur 
as a result of the existence of a potential well in the ion void region. However, 
all the available data can be explained in terms of a "two-stream*' type insta- 
bility predicted theoretically by Gurevich et al, [32] for plasmas of mixed ion 
composition. Altliough the e>periments were not conducted in plasma streams 
of mixed composition, it is known that a population of slow ions existed in the 
chamber (r-30‘v of tlie stream concentration) and tlie same type instability- 
can be expected to have occurred as a result of tlie disparity in tlieir velocities. 

If this explanation is correct, it means tliat tlie eiperimental results do 
not apply to tlie in situ observations where there is no appreciable slow ion 
population moving witli tlie spacecraft. However, the results take on a ;• v 
significance in that they indicate the existence of a wave particle interaction 
mechanism operative in the laboratory and point the way to experiments with 
mixed ion composition (and no appreciable slow ion population) which will 
apply- directly- to tlie in situ observations. 

4. Axial Ion Peak . The general concept of an axial ion peak created 
in the mid-wake by converging ion streams has been predicted by a number of 
theoretical treatments (Appendix C) and observed in a lai'ge number of 
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experiments (Appendix E), The present study goes beyond qualitative observa- 
tion of the axial ion peak and provides a detailed description of its parametric 
behavior. 

The converging streams (VB streams), discussed in Chapter V,A.2, 
were found to create an initial ion peak on the wake axis. The position of this 
peak was found to depend on ISR^ ^1 ^^^1 ^) , where a = 0.02359 (Figure 
4-11), This result agrees closely in its S and dependences with the theo- 
retical predictions by Martin [13]. However, the experimental results do not 
agree with Martin in their dependence (Appendix C.7). 

It was also found that the axial ion peak may be created by more than 
one mechanism. The first peak to occur downstream is produced by the con- 
verging, grouped ion streams and has the behavior discussed previously. 
However, a second peak is also created, possibly by ion trajectories which are 
deflected, but not grouped, or possibly by the attractive space charge potential 
in the ion void. The tw'O tjpes of axial ion peaks normally are superpositioned 
for small 4>^ and cannot be distinguished from each other. However, they tend 
to separate at highlj negative <f>|^ values, indicating that the two casual mech- 
anisms have different dependences on (i'’"ure 4-8), 

The height and width of the axial ion peak at the location of its maximum 
amplitude were also investigated. The maximum peak height for spherical 
test bodies was found to be proportional to ^ 'I significant 

R^ dependence is surprising. Apparently, the expected proportionality to R^, 
resulting from the R^ dependence of the cross-sectional area of the focused 
ion streams, is offset by ion stream diffusion which is proportional to the 
distance traveled in reaching the Z-axis and, therefore, also depends on R^. 
The peak width (normalized by the test body radius, R^) was found to depend 
only on |4>j^l This dependerce is taken to represent a balance between the 
momentum the particles obtain due to deflection toward the Z-axls, produced by 
0 and the magnitude of the space charge potential barrier on the Z-axis, 
which is proportional to kT . (Note that 4>. .C0. kT .) 
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The previous results were obtained for spherical test bodies and {^ly 
only to bodies with axial s 3 onmetry. It was found that the nature of the axial 
ion peak depends strongly on the cross-sectional geometry of the test body. 

For example, a square cross section produces multiple peaks or a broad 
plateau which spans across the Z-axis and which is usually less than the 
ambient current level, rather than a sti'ong, single peak centered on-axis. 
Variations in the length of axisymmetric bodies along the Z-axis was found to 
affect the position and amplitude of the axial ion peak, but not its basic 
morphology. 

It was found that the above geometric dependence of the axial ion peak 

can be ejq)lained simply by the behavior of the plasma sheath, which is directly 

proportional to and inversely proportional to For small and for 

large R^, the sheath is thin compared to the test body dimensions and conforms 

closely to its geometry. For a test body having a square cross section, the 

ion streams will be deflected onto orthogonal lines at the Z -axis which are 

approximately a body diameter in length. This produces a wider peak of lower 

amplitude. As 4>. becomes large or R , becomes small, the sheath becomes 
b d 

relatively thick, expands away from the body and acquires a more spherical 
shape. Hence, the ions will be deflected more toward a point on the Z-axis 
and the axial ion peak structure will take on a behavior more characteristic of 
spherical test bodies (Figure 4-16). For very long cylindrical test bodies, 
the sheath geometry would not be expected to change with sheath thickness. 
Therefore, the axial ion peak morphology would not change as the sheath 
expands. The experimental data for a long cylinder are consistent with this 
explanation in that the axial ion peak was found to depend strongly on S and, 
apparently, weakly on R^ (Figure 4-17), 

Concerning the question as to the fundamental difference between the 
wakes of long, cylindrical and axisymmetric test bodies, the conclusion 
reached is that there is no fundanental difference; i.e, , the same physieal 
proeesses occur and produce the wake structure. However, it is apparent 
that the improved focusing effect of axial symmetry creates a m’’ch stionger 


135 



axial ion peak and therefore a much larger space charge potential. It then 
happens that, for some conditions, this stronger potential prevents effects, 
such as crossing ion streams (pseudowaves), which are observed for the 
cylindrical case. Therefore, the wake structure may appear fundamentally 
different. 

Test bodies of complex, mixed geometry were studied in a preliminary 
manner. The data could be e}q)lained in terms of simple bodies, indicating 
that the wakes of geometrically complex bodies may be formed by a simple 
linear superposition of the wakes of the different geometric constituents. 

Althou^ the electron and ion densities are apparently not equal within 
the axial ion peak (since a positive space charge potential has been shown to 
exist there by Fournier [23], Maslennikov and Sigov [18] et al., sec Appendix 
C) , a smaller axial electron peak has been observed which correlates roughly 
with the spatial location and extent of the axial ion peak [77]. 

5. Deflection of Ion Trajectories in the Mid-Wake Region. The deflec- 
tion of ion trajectories in the mid-wake region was first predicted theoretically 
by Maslennikov and Sigov [18] (Appendix C.2, Figure C-2) and later, by 
Call [12] although not to the same degree due to the limitations imposed by 
his flux tube technique (Appendix C. 5, Figure C-8(a)) . In both cases, the 
ion trajectories were found to be deflected away from the Z-axis by the posi- 
tive space charge potential associated with the axial ion peak. This effect has 
b. ignored in most studies although it was inferred by Hester and Sonin from 
ihe nature of the diverging w'ave-like structure they observed in the far wake 
(Appenuix E. l.g). It can also be inferred from the lack of a consistent 
dependence on of the maximum axial ion peak (only the section of the peak 

“ -V 

formed by the converging VB streams followed a |<f>^| ^ dependence). 

The present study offers the first direct observations of this type of 
deflection. It was found that the ion trajectory inclinations to the Z-axis 
changed from an approximately linear dependence for small test body 

V ° 

potentials, to an approximately |4>J ^ dependence for larger potentials (Figure 
4-34). The ueflection of the ion trajectories in the mid-wake is made even 
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more evident by the observation of ion streams with angles of inclination to the 
Z -axis which are smaller than the geometric angle defined by the radial extent 
of the test body (Figure 4-33). Since ion streams obviously cannot pass 
through the test body and do not originate on its surface, this is clear evidence 
that the streams have been focused toward the Z-axis by the plasma sheath 
fields at the body and have subsequently undergone an additional ieflection 
away from the Z-axis somewhere downstream. 

The present data, which are in the form of vector measurements at a 
few individual points, are not sufficient to determine where or over what 
distance the second deflection occurred. Additional measurements, made on a 
fine spatial grid, are needed to establish the overall flow field before this type 
question can be answered, 

6. Diagnostic Applications of the Wake Structure. The present study 

has revealed a very clear parametric behavior of the ion void boundaries, the 

converging VB streams in the near wake and the initial point of the axial ion 

peak (the apex of the VB streams) . These characteristics of the wake are 

easily observed and, therefore, offer unique diagnostic opportunities which 

can determine the parameters 4>^ and S from which several characteristics 

of the ambient plasma may be determined (i.e., T , m., and V ). 

e 1 o 

This possibility is especially attractive in the laboratory or in regions 
of the ionosphere or magnetosphere where there is only one (or a very 
dominant) ion. However, further investigation is needed before it can be used 
confidently in plasmas of multiple ion constituents. The effects of ion thermal 
motion, discussed below, must also be considered. 

7. Effects of :on Thermal Motion. The e^eriments of the present 

study did not directly address the effects of the T /T. ratio. However, it is 

e 1 

clear that the general effect of ion thermal motion is to diffuse the detailed 
wake structure discussed above. The more quantitative question as to how 
effective this diffusion process is and at what T^/T. value the structure 
vanishes has not been satisfactorily resolved. An extensive experimental 
study of this effect was carried out by Fournier and Pigache (Appendix £.1. i) 
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and it has been studied theoretically by Taylor, Gurevich, et al. and Fournier 
(Appendix C. 3, C.4, and C. 6) . 

The calculations by Fournier for a long cylindrical body show the effect 

of ion thermal motion to oppose the focusing effect of (Figure C-lO). 

However, it is noteworthy that a nonmonotonic n. distribution continued to 

exist in the wake for < -2, 75 when T /T. = 2 smd for s -6 when 

b e 1 b 

T^/T^= 1 (Figures C-9 and C-lO), The calculations by Taylor further sub- 
stantiate these results and the calculations by Gurevich et al. [32] show an 
axial ion peak to exist in the wake of a disk for T /T. = 4 but to vanish for 
T /T. = 1. These results are generally supported by the e^qierimental obser- 

0 X 

vations by Fournier and Pigache [ 58] which show the peak structure to com- 
pletely vanish only for small and T^/T. < 1, 

It, therefore, appears that the opposing effects of and T^/T. are 

such that for small the axial ion peak vanishes for T /T. ss 1 but can be 

b e 1 

recreated by a sufficiently negative value of 4»^, Further, we may conclude 

from the above results that in the ionosphere, where T^/T^ ia 2 and “5, 

the axial ion peak can be expected to occur to some extent. This conclusion is 

supported by the clear presence of an axial electron peak (which we find to be 

of less amplitude than the ion peak in laboratory studies) in the wakes of the 

Ariel I satellite and its spherical ion probe (Appendix D. 2.a). 

8. Effects of Large R , Values. Laboratory and theoretical studies 

d 

have been limited to R , values less than 50 which only approach the R , range 

d d 

for large space platforms. However, several parametric trends have been 
established by the present experiments and review which may be cautiously 
extrapolated to describe large bodies in earth orbit. 

It was pointed out above that the amplitude of the axial ion peak sig- 
nificantly depended only on S and 4>^ and, further, that the peak width depended 
only on 4*^^, If these observations, made over a relatively small range of R^, 
can be extrapolated to large R^ values, then, on this bas.s, the axial ion peak 
would be expected to maintain an approximately constant amplitude and width, 
relative to the body radius, as R^ increased arbitrarily. 
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The above conclusion is incomplete, however, without considering the 
etfects of ion thermal motion. The tendency of this random motion to spread 
out and diminish the wake structure can be expected to increase with the dis- 
tance traveled by the ions, and hence with R Therefore, it becomes doubtful 

d 

that the detailed wake structure discussed above would be observed for very 
large bodies in the ionosphere at floating potential. However, if the body 
potential became elevated (such as may occur in the case of the Space Shuttle 
orbiter when charged particle accelerators are fired) the structure may appear 
as a result of the opposing effect of shown by Fournier. 

The extension of the present results to large bodies, over a large range 
of the parameter, is probably the most difficult to study in the laboratory as 
well as theoretically. Clearly, at the very least, good benchmark in situ 
results are required in this area of the investigation. 

B. Suggestions for Future Research 

A number of questions have been revealed which the available data and 
theoretical calculations either do not addi'ess or are insufficient to provide an 
unambiguous answer. Below, we discuss what appear to be the most signifi- 
cant problems remaining for the three avenues of approach to plasma flow 
interaction studies; i.e. , theoretical, experimental and in situ. 

1. Theoretical . The most important weakness of the theory at the 
present time is its inability to include ion thermal effects under realistic con- 
ditions; i.e., for R^ ~ 10 to 100, S ~ 5 to 10, and ~ -5. The best treat- 
ment available is by Fournier (23J. However, it is limited to infinite 
cylinders and, because of the geometric effects discussed in Chapter V.A.4, 
it does not adequately describe the disturbance created by satellites of 
spherical, cylindrical, or even more complex geometries. A treatment of the 
type developed by Fournier is needed which could handle at least spherical 
and short cylindrical geometries. 
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Secondly, few theories include the effect of the geomagnetic field. As 
discussed in Appendix E.2, this probably is not important for describing the 
near- and mid-wakes of small to intermediate bodies (R^ < 100) in the 
ionosphere. However, it may become important for very large space platforms 
such as the Space Shuttle or for the far wake of bodies in general. 

The third major problem to be faced by theoretical treatments is that 
none of them provide a practical self-consistent solution throughout the zone of 
disturbance. Those which adequately treat the near wake, where large charge 
separation occurs and particles may not be Maxwellian, do not carry the solu- 
tion sufficiently far downstream (at least not in a self-consistent way). The 
fluid type theoretical treatments are capable of providing solutions great dis- 
tances from the test body, but allow only very small space charges and req'iire 
Maxwellian electrons and therefore are unable to describe the near wake. An 
effective coupling between the two approaches needs to be established. This 
was done, in principle, by Taylor [20], but his calculations were carried out 
for only one inter ation and were therefore not self -cons is *;ent. Also, like tl 
treatment by Fournier [23l» Taylor’s calculations are limited to infinitely 
long bodies. 

2. Experimental. The most fundamental limitations of laboratory 
studies are the lack of Maxwellian ions and the nonuniformity of the plasma 
stream — expecially along the stream axis. Although effective ion thermal 
motions have been created by Fournier and Pigache [581 and improvements in 
stream divergence (and presumably in the axial variations of the plasma 
stream) have been made by Martin and Cox [60J, it appears that these prob- 
lems can only be minimized to some extent and not eliminated. However, there 
remain several questions which can be effectively studied within the existing 
constraints of the laboratory. 

The most obvious extension of the present study is a detailed investiga- 
tion using vector ion flux measurements made by a two-dimensional version of 
the DEEP on a fine spatial grid. This study would establish, for example, tlie 
parametric nature of the ion trajectory deflections downstream from the lest 
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body, would reveal the existence and effects of a potential well in the ion void 
region, would show, explicitly, the effects of the space charge potential asso- 
ciated with the axial ion peak, and would determine the wave o< s j'eam nature 
of tiie far wake wave-like structures observed for very small cylinders, T’lis 
type study will involve very large amounts of data and therefore requires some 
form of automatic data handling and reduction. 

A second area which needs further investigation in the laboratory is the 
effect of multiple ion constituents on the near-wake void region. According to 
the theoretical treatment by Gurevich et al. [32J, the existence of proper 
mixtures of heavy and light ions can result in instabilities at the ion void 
boundaries where large density gradients occur. To the author's knowledge, 
no experimental investigations have been carried out with multiple ion plasmas. 
The extension from present . idies is straightforward, ho vever, and could be 
very rewarding if such instabilities are found and, especially if they couple 
with the electrons to produce an enhanced election teniperature. 

3, In Situ. In the past, most space missions have involved single 
satellites, which a priori could provide only very limited information on the 
satellite -generated plasma disturbance, if for no other reason than the limited 
spatial coverage possible. In the near future, however, this restriction will 
be lifted with the advent of the Space Shuttle. The Shuttle will eventually pro- 
vide a wide range of capabilities such as tethered and free-flying subsatellites 
which can be effectively used for plasma flow studies as shown, (or example, 
in Figure 5-2, In effect, the Shuttle will serve as a near-earth plasma labora- 
tory and man^ of the problems faced in the laboratory, such as non-Maxwellian 
ions, nonparallel flow, charge exchange ions, and wall effects will be 
circumvented. 

This does not imply that ground-based laboratory investigations will no 
longer be needed. To tl.e contrary, tue Shuttle will provide a new approach to 
the problem which will utilize both laboratory and theoretical investigations. 
Space experiments will always be inherently more expensive than ground-based 
studies and it is therefore not cost effective to carry out studies in space which 
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Figure 5-2^ An example method for large body in situ plasma flow mta Faction studies w 
Shuttle. ( Note that all effects shown would not be expected to occmr under the same 
the existence of some has not been shown yet. ) After Stone aiKl Samir [10 



can be done in the laboratory. Even in the case where the study can be per- 
formed only in space, laboratory and theoretical results should be utilized to 
the extent possible to design the most effective flight experiment. We will 
therefore consider a few categories of experiments which can be performed 
effectively only in space. 

First, using the methods of laboratory plasma physics in the natural 
plasma environment of the ionosphere affords a new range of parameter space 
not previously available. For example, in addition to the previously mentioned 
advantage of thermalized ions and the need to confirm ground-based studies 
under these conditions, scale sizes of the test bodies can be increased up to a 
factor of lO’ greater than in the laboratory while still maintaining collisionless 
conditions. From the plasma physics point of view, this wide range of scale 
sizes makes possible, for example, the investigation of the relationship 
between the kinetic and continuum-MIID theories in the transition range where 
it is not clear which of the theoretical approaches ^plies 182 J, From tlie 
ground-based experimental data, which can only s^proach this region of 
parameter space, it also appears that the nature of the interaction may change. 
This is not unreasonable since, unlike neutral gas flow where there is only one 
collision mean-free-path-length and hence one Knudsen number, in a plasma 
there ai'e several additional effects which produce deflections of the charged 
particles including electrostatic coulomb collisions for which the Debye ratio, 
R^, applies (as used herein) and magnetic deflections characterized by the 
Larmor radii for electrons and ions for which the ratios (R /R (ie)] would 
be appropriate. 

Probably the most interesting tjpe of ionospheric ejqjeriment involves 
an extension of the qualitative modeling concept formerly used in the laboratory 
to study the interaction of the ionosphere with artificial satellites. With this 
concept, certain plasma flow interactions occurring naturally in the solar 
system can be qualitatively modeled with test bodies in the ionosphere. A 
notable example is the interaction of the Jovian satellite, lo, with its environ- 
mental magnetospheric plasma, for which an almost complete qualitative 
scaling can be achieved, as shown by Table 5-1. 
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ORIGINAL PAGE IS 
OF POOR QUALITY 

It is realized that natural phenomenon, such as the earth's magneto- 
sphere, have been modeled in the laboratory. However, there are competing 
scaling requirements which make it difficult, if not impossible, to achieve 
even a proper qualitative scaling of these phenomena in groimd-based labora- 
tories and therefore the utility of these studies is limited (althou^ specific 
processes can be effectively studied) , Further, in reducing the scale size of 
solar system phenomenon to the laboratory scale, collisional effects usually 
become significant and boundary layers become too small to be probed. How- 
ever, in the ionosphere, due to the large scale size possible, perturbations 
from diagnostic instruments can be minimized, measurements can be made in 
boundary layers formerly too small for probing, and collisional effects become 
insignificant. 

The limitations of modelii^ are well known and experiments of this 
type will never eliminate the need for in situ observations by planetary probes. 
However, they may provide the best information available on what physical 
processes are likely to be operative and where and how to look for them. 

Such information would be invaluable in planning subsequent planetary missions. 

TABLE 5-1. PLASMA PROPERTIES AND SCALING PARAMETERS 


fAfter Stone and Samir [101]) 
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APPENDIX A. DERIVATION OF THE FLUID EQUATIONS 


In Chapter n.A.l.b. , the assumptions required in deriving the con- 
tinuity and momentum transfer equations from the Boltzmann equation were 
discussed. Here, some details of the derivation of these two equations are 
given. 

The Boltzmann equation can be written in the form: 


af 

at 


V f + a 

X 


V f 

V 



(A-1) 


where 


“a = B/CJ . 

m 

To simplify the notation, we have dropped the subscrq)t used to designate the 
constituent; however, a set of conservation equations will be required for each 
type of particle. Multiplying equation (A-1) by any function of particle velocity 
Q (v) and integrating over all velocity space bring us to 

f Q — d’v + r Q V • V f d’v + r Q a • V f d’v = f Q 

Assuming Q is not a function of time, the first integral 
(A-2) is simply: 

= It/ 

where the bar indicates the average value, defined as: 

Q - ^ f Qf d*v 



(A-2) 
of equation 
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In the second integral, since x and v are independent valuables, the 
spatial gradient operator can be removed from the integral, giving: 

J Qv • V^f dv* = j [V^ • (Q V f) - f • (Q V ) 1 dv* = • ( n (Q v ) ] 

(A-4) 

Note that • (Qv) = 0 since Q and v are not functions of x. 

Evaluating the third integral we have: 

/ QjT • V f dv’ = f IV • (Q7f) - Qf V . T - f'a • V QJ dv’ 

J v J V ' V V 

= f (Q71) dv* - f Qf B/C)Jdv* 

- f faT • V Q dv’ 

V 

o o 

= 6 (Q^f) • dT--^ fQf V • (Tx B 'c) dv’ 
m • V 

s 

- n ( a • V Q) 

f q7 . V^f dv’ = - n (^- V^Q) . (A -5) 

Note that in the above evaluation, the surface of integration for the surface 
integral is a sphere of radius v and its area is proportional to v^. This Integral 
vanishes if ( Q^f) -* 0 faster than v~^ as v — ® , which must be the case 
for any distribution with finite energ>'; i.e. , for o 0, v^ cxp(-o v*] — 0 as 
V — o> if ^ is finite. The second integral is simplified by tlie fact that the 
electric field is not a function of velocity and hence • ]?= 0 . The velocity 
gradient of the v x B term is zero since v x B is a vector normal to v and 
liCnce . The integral on the right-hand side of equation (A-2) is expressed 
as: 
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“ [Q(6t/6t)„l . (A-6) 

and is taken to represent the rate of change of (nQ) due to discrete collisions. 
This seems reasonable since (5f/5t) represents the rate of change of f 
resulting from this type of collision. Substituting relations (A-3) through 
(A-6) into equation (A-2) yields, 

— [nQ] + . In(oT) ] - n (Z-VQ) = rQ(6f/6t) 1 (A-7) 

O t X V c 

which is the general continuum equation used in Chapter n.A. l.b. 

If Q( v) = 1 , then equation (A-7) becomes: 

. (nvT) = 0 , (A-8) 

which is the con'-muity equation. Note that u=(v) and (6f/6t) =0 since 

c 

collisions cannot change the total number of particles of a given type in an 
elemental volume of real space if we assume that no creation or annihilation of 
charge occurs and there is no chemical reaction. 

If Q( v) = m V , equation (A-7) becomes 

(ff)c] • 

If we set V = u + ^ where u is the average (or drift) velocity and c is the 
random (or thermal) velocity, then (c)=0 and 

vv=uu+cc . 

Therefore, the second term of equation (A-9) is 

V *(nmvv) = V »(nmuu)+V *(nmcc) . 

X X X 

If the plasma is assumed to be isotropic, then 


•|-(mnu)+V •(nmvv)-n[a*V(mv)] = mv 

0t X V 
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X y z 


Then 

V * (nm c c) = V (nmc*/3) = V P • (A-lO) 

X X X 

where P is scalar pressure. Note that 

P = J(mv^) (v^) f(v) dv* = mn d\’^ = mnv^^ . 

Then 

P = nm c^/3 . 

The remaining term can be written as: 

(nm u u) = mu • (nu) + nm(u • V^) u . (A-11) 

We now assume that the momentum transfer resulting from discrete 
collisions can be expressed as 

(Q(6f/6t) ] = -mnr u (A-12) 

c c 

where is an effective collision frequency. (This presentation effectively 

assumes the av\ rage velocity of the target particles to be zero. If this cannot 

be assumed, then the relative velocity between the two particle populations, 

[ u - u ] must be used.) 
o 
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Substituting relations (A-10) through (A-12) into equation (A-9) give^?; 

9u -*1 80 „ / „ V 

mn— + mu ~ + V • (nu) + mn(u • V ) u + V P 

0t |j9tX I X X 

• mn(a) = ^ ran v u 

Note that the term in square brackets is the continuity relation and therefore 
vanishes. After dividir^ by (nm) and rearranging terms, we have the momen- 
tum transfer equation; i. e. , 

— ^ P q 

r- = - — +^ 5 lE+‘JTx B/C] - r ^ (A-13) 

Dt mn “ c ' ' 

where 

D/Dt = (9/at+'u* V^J 
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APPENDIX B. A CRITICAL REVIEW OF THE RESULTS 
FROM FLUID TREATMENTS 


Since one of the objectives of this study is to investigate the conditions 
under which the more easily solved fluid formulation holds, we will discuss 
the results of fluid calculations separately from the more extensive results of 
kinetic theory. 


1, Kraus and Watson ( 1958) 

Some of the earliest theoretical calculations were made by Kraus and 
Watson (31. They investigated plasma flow past a negatively charged body in 
the limits of both a collision dominated and a collisionless medium. In both 
cases, magnetic effects were ignored, a steady state flow field was assumed, 
and the body was considered to be small compared to the Debye length; i.e. , 

« 1 ( the direct impact of particles on the body was therefore not 
considered) . 

In the limit of high gas density, the additional assumptions were made 
that (l) the plasma remained in thermod 5 mamic equilibrium everywhere and 
hence n^ = n^ exp[e^/kT^], which effectively assumes « c^, (2) per- 
turbations created by the body were small, allowing the fluid equations of 
motion to be linearized, and (3) the flow was assumed supersonic with respect 
to the mean thermal speed of ions. 

The continuity and momentum transfer equations were used in conjunc- 
tion with the Poisson equation. Subject to the above assumptions, this approach 
produced the following effects and conclusions: 

(1) A trailing "Mach cone" disturbance is created behind the body of 
half angle, 0, given by: 
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A* = {c}+\Ju }) = a.*(T./T +1/2) . 

is the ion plasma frequency, is the most probable thermal speed and 
a. is the acoustic speed. Note that this result predicts that the Mach angle 
should decrease with T^/T^, For T^/T. » 1 (which is generally the case 
in laboratory investigations) A reduces to the ion acoustic speed; i.e. , 

1 / 

A ^ (2kT /m.) . 

e 1 

(2) An increase in charge density was found to occur within the Mach 
cone and is given by: 





where. 


n ' is the electron densith within the Mach cone, 
e 


n is the undisturbed electron or ion density, 
o 


Q is the total charge on the body, 

6^ ^ is ion or electron temperature in eV. 


( 3) It was concluded that the above effects resulted when the small 
(Ro « Xp) negatively charged body moving supersonically (V^ > c.) excited 
collective motion in the plasma which resulted in the generation of a wake 
structure. 

For the low density (collisionless) limit, Kraus and Watson resorted 
to a kinetic treatment, using Boltzmann equations for ions and electrons 
(ultimately assuming the electrons to be Maxwellian) and Poisson's equation. 
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Unfortunately, it was assumed that , which is unacceptable for 

ionospheric applications. Therefore, the results obtsdned in the low density 
limit are not of interest, except to note that when the Landau damping term is 
negligible (tantamount to T^/T. »1) the results are essentially the same as 
those achieved via the fluid formulation. 

There are several short comings of the above analysis which should be 
pointed out. According to Alpert, et al. 125], the second order terms in potential 
(omitted by the linearized equations) become dominant in the far wake region. 

On the other hand, we note that the assumption of small perturbations (and 
possibly that of a Maxwellian electron distribution) does not hold in the near 
and mid-wake regions; i.e. , where strong density gradients occur. Therefore, 
the spatial range of validity of this theory is very limited. Although it is 
useful for comparison with the results from some laboratory investigations, 
the assumption of a very small body (R^/X^ « 1) is not applicable to the 
interaction of satellites with the ionosphere. Finally, this study lacks detailed 
numerical calculations of the flow field. 

2. Rand (1960) 

Rand investigated the wakes behind negatively charged bodies in a 
mesosonic (c. « « c^), low density plasma stream ]4,5J. The bodies 

considered were a small diameter « 1) cylinder and a large diameter 

(R^/Ajj » 1) disk, both oriented normal to the flow direction. The electrons 
were considered to be in equilibrium while a drifting Maxwellian distribution 
was assumed for the ions. The distribution functions were integrated to deter- 
mine number densities (assuming no surface interaction with the small 
cylinder while the disk absorbed all incident ions). Conservation of energy 
was used to attain a tractable integral for ion density. The space potential was 
then found by substituting the particle density e}q)ressions into the linearized 
Poisson equation (i.e., assuming e^/kT^ « 1). 
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The solutions ^vere obtained in two steps. First, the wakes of both 
bodies were analyzed assuming small scattering angles for ions 
(e0/m.V^^ « 1) , which is tantamount to excluding particles ”trapped*’ by 
potential gradients [4]. In the second step, the small scatter assumption was 
relaxed and the effect of the ”tr^ped'* particles investigated [5], 

For the case of the small cylinder it was assumed that the body pre- 
sented no physical obstacle to the flow; i.e. , particles interacted only with the 
electric field around the body; in effect, the body was treated as a line charge. 
Under the small scattering assumption, the analysis produced the following 
predictions and conclusions: 

(1) Both electron and ion densities are enhanced along plane slabs 
extending back from the cylinder. 

(2) The increase in electron density above ambient is given by: 
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where 

q is the charge per unit length. 
L is the cylinder length. 

R is the cylinder radius. 


(3) The half angle, 0, for the planes of density enhancement was 
given as: 
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where 0 is measured with respect to the flow direction. 

(4) Transverse profiles of ^(y,z= const.) wore calculated (Figure 
B-1). Unfortunately, these profiles were obtained for the case T^/T^ « 1, 
which is of no practicle significance. However, for » 1 and y = 0 (on 

the wake axis) the e?q)ression derived by Rand reduces to: 
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where 


q = charge per unit length. 

= ion plasma frequency. 

Jj = first order Bessel function of the first kind. 


This expression predicts that the space potential will oscillate along the wake 
axis with a period proportional to This is in reasonable agreement 

with the experimental results of Hester and Sonin (Appendix E.L. g). 

For the case of the disk, it was assumed that 1 so that ions 

deflected by the electric field at the edge of the disk would not be affected by 
its curvature. Only the near wake was considered so that, in fact, the prob- 
lem is actually that of a semi-infinite plane. With the exception of the body 
size and the absorption of incident charge on its surface, the same assumptions 
were used as for the cylinder. Under the small scattering assumption, the 
following results were achieved: 

(1) For Tg/T. « 1, the ions passing near the edge of the half-plane 
are deflected through the angle: 
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( 2) Two perturbation planes are created by the deflection: one inclined 
toward the half-plane at an angle 6^ and the other inclined into the ambient 
plasma at where 
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(3) Considering the circular disk, this would produce concentric 
cones; one inclined toward the wake axis at 6^^ t and the other inclined away 
from the axis at • 
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(4) Assuming a uniform charge density on the body (a dielectric body) , 
an increase in charge density occurs at each plane (cone) of disturbance over 
a thickness on the order of , and is given by: 
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where u is the charge r r unit area. After obtaining the particle number 

densities, Rard used the Poisson equation to find the electric potential, (f> , 

Profiles of <p were calculated and are shown in Figure t,-2. 

( 5) For a conducting disk, the charge density is not uniform but tends 

to be more concentrated at the edges. This results in the perturbation charge 

1 / 

density increasing by the factor 

It should be remembered that the above results for the disk were 

achieved under the unrealistic assumption, « 1, and therefore must be 

viewed with caution. (However, the general wake morphology of concentric 

cones of disturbance will be found to be generally correct even for T /T. » 1) . 

e 1 

Regarding both solutions, Alpert et al. [25] points out that Rand h'- neglected 
a term representing ion scattering in the near field of the body and therefore 
the solution is not accurate in the far wake. Inclusion of second o’-der terms 
in <t» would correct ihis deficiency. 

With the inclusion of trapped particles [5], Rand investigated the efiect 
of the T^/T^ ratio on damping oi the wake of the small cylinder. The condi- 
tions were as stated above with the additional assumptions that particles ^^ravel 
along straight-line trajectories between collisions and the plasma is quasi- 
neutral (small degree of charge separation). 

In the previous analysis, Rand considered only ions which suffered 
small angle deflections; i. e. , which were sufficiently energetic to pass over 
the potential barrier associated with wake pertiu-bations with little d' vi >tioi, 
of their trajectories. In this section, a second class of ions are concidc .ed 
which have velocities near the phase velocity of potential wave (barrier). 
These particles rebound from the potential barrier and therefore sutler large 
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angle deflections. Such parti. des may become trapped by the potential wave, 
thereby desorbing energy from it and contributing to its decay; i.e. , Landau 
damping. 

By calculating flie density of trapped ions and the rate of energy trans- 
fer tc them, Rand arrives at the following cor.clusions: 

(1) Unless > 10, damping will become significant at approxi- 

mately a Mach number of Debye lengths downstream , (Within the ionosphere, 
where T ■'T. ~ 2, this would predict the wake to be smoothed wifliin a meter) . 

(2) As T /T. increases above a value of about 10, .lamping becomes 

0 i 

rapidly insignificant. 

(3) Once damping begins, the w'ake decreases as Z~^. 

(4) The degree of dampo.g predicted should hold w4ien the line charge 

is replaced with a body > 1)» since damping depends on plasma 

parameters and tt, . velocity but not the shape of the body. 

Rand states that the results of this analysis may depend strongly on the 
form of the ion distribution function. 

As a f jil comment on Rand’s work, it should be pointed out that the 
aual)'sis was carried out only to linear terms in potential and the assumptioi 
quasineutrality leads to a description of the wake as an ion-plasma oscillation; 
i.e . , the wake results totally from collective plasma wave mechanisms. 
Therefore, effects which produce a large charge separation, such as the 
negative poter..ial well in the ion void region immediately behind the body and 
ion streams deflected b'- the plasma sheath fields, are not allowed. In fact, 
Rand's prediction of trapped ions associated with potential waves is suggested 
as an e>q}lanation by Vaglio-Laurin and Miller [6] , for the observation of 
"apparent" pseudowaves in cold plasma laboratory experiments (Appendix 
E. 7) . 'rhis explanation is shown to be unviable in Chapter IV. C. 
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3. Lam and Greenblatt ( 1964, 1965) 


A general hydrodynamic theory was developed by Lam for the steady 
flow of a weakly ionized gas around an arbitrary solid body with a charge 
absorbing surface [7J, This theory is of limited use, however, since the fluid 
was required to be collision dominated and highly subsonic (to be incompress- 
ible) . A less restrictive theory was developed by Lam and Greenblatt (8J in 
whicii the fluid is collisionless and the only necessary assumptions are that it 
is cold (T^/T. » 1) , steady, subsonic with respect to electrons ( « c^) , 

behaves as a perfect gas and, the flow is laminar (no crossing ion trajectories). 
It must also be assumed that diere are no magnetic .'ields and that the body 
absorbs all incident charge, that it is large ^ » 1) biased highly 
negative (-e<^j^''kT^ » 1). 

From the continuity and momwiitum equations, expressions are obtained 
for the velocity potentials , i' . , of the form; 




li. 

i,e 



> 


where P- (m.u^/kT^), This is exactly the form of the governing equati >n for 
the irrotational, isothermal compressible flow of classical gas dynamics. 

(The fact that the plasma flow is irrotational is show*’ by taking the curl of the 
ion momentum equation which, for this case, has only q/m. as a force 
term (equation (A-13) ). 

The boundai’y conditions consist of defining the electric potential to be 

a constant, at the surface of the body and zero in the ambient ir.jdiu n. 

However, the transition form 4*^^ to 4> = 0 occurs through two regions; i.e, , 

a thin sheath region immediately adiacent to the body, in which n. n . and a 

1 c 

quasineutral region beyond the sheath in which n. ? n^. In the outer, or 
amoient region, 4> = 0 and n. = = n^. A more detailed investigation of the 

sheath and quasineutral zones is presented in a second publication by Lam and 
Greenblatt [9j. 
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Subject to the above assumptions, Lam and Greenblatt [8] arrive at the 
following results and conclusions: 

( 1) When there is no net charge flux to the body, the body potential is 

less than the potential at the edge of the sheath and hence a sheath 

will always exist for this condition. 

(2) The sheath vanishes for less than a certain value of order 

unity (for !)• 

(3) If = 0, the potential distribution within the sheath will be 
nonmonotonic. 

(4) A negatively charged body will create a region of positive space 

potential far down stream on the wake axis. Th? value of ^ in this region is 

(m.V V2kT ) 

1 o e' 

It should be mentioned that the theory of Lam and Greenblatt cannot be 
applied to the near wake because the condition of laminar flow ( ion trajectories 
must not cross in order to be associated with streamlines of the fluid theory) 
is not met there. Similarly, it cannot account for effects in the mid- and far- 
wake zones if streamlines are crossed (e.g. , pseudo waves consisting of ion 
beams passing through the ambient plasma) . Furtlier, the treatment assumes 
no significant absorption of electrons by the body (hence the requirement 
« 1). Therefore, the flow interaction with bodies having potentials 
ranging from slightly negative to positive cannot be described. 

4. Sanmai'tin and Lam (1971) 

The fluid theory developed b\‘ Sanmartin and Lam is of interest because 
it gives the asymptotic structure of the far wake behind a charged bodv moving 
through a collis'onless. uniform plar.ma. All perturbations are assumed small 
and a wave equation is derived from the linearized continuity and momentum 
equations an Poisson equation. A dispersion relation is then obtained and 
analyzed te determine the possible excitation of electrostatic ion waves and the 
evolution of w ave fronts in the i«r wake. The assumptions required are; 
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( 1 ) <& « 1 . 

(2) T /T. »1. 

(3) (T./ZT ) « S* « (m./m ). 

(4) « 1. 

(6) V^«S^. 

( 6) The body is small compared to the width of the wave front; i.e. , on 
the wake axis (x/z= 0) ^ while for 0 < x/z < x where x is the 

wave front position, it is required that 


Subject to die above assumptions, the Sanmartin-Lam theory produces 
the following results and conclusions: 

(1) For S > 1, a steep wave front develops at an angle to the wake 
axis of 0 = tan~* (S~*) . 

(2) Transversely, the wave front behaves as the derivative of the Airy 
function squared and has an amplitude of order Z~^ and grows in width as Z^. 

( 3) Behind the * ave front is a broad region where ion waves occur and 
decay as Z"^. 


(4) Near the axis, a second wave front develops with a transverse 

structure proportional to the Airy function times a sine function and of order 
- 5 / 1 / 

Z ® in amplitude. The width of this wave also grows as Z * and the angle to 

3 / 

the wake axis vanishes at (T./T ) i.e, , this is a curved, divergent 


wave 


front. 


(5) Between the trailing wave front and the wake axis, the plasma is 
quasineutral with a Z~^ decay law for ion plasma waves. 

(6) Wave fronts may also develop for S < 1. The structure is similar 
to that for S > 1 with the addition of curved, transverse wave fronts behind the 
initial wave front. 

(7) The results for S > 1 are readily extended to the hypersonic 
(S » l) case. 
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( 8) The rate of damping of all waves *.s inversely proportional to S. 

For a warm plasma, ion Landau damping increases with wave number and is 
minimized at the Mach cone for S > 1. 

( 9) The trailing wave front is more strongly damped than the leading 
waw front. 

The form of the wave fronts for a cold plasma is shown in Figure 
B-3(a) and (b), while the an^e of the initial wave front as a function of Mach 
number is given in Figure B-3(c) . The modification produced by warm ions is 
shown in Figure B-4. 

It should be noted that in contrast with the theory of Lam and Greenblatt, 
the Sanmartin-Lam theory allows for crossing stream lines by inclusion of a 
pressure term in the ion momentum equation. They point out, however, that 
the results of this linear theory may be significantly modified by the inclusion 
of nonlinear terms. In three-dimensional flows, if the linear wave front is 
valid, it will always remain so; however, in two-dimensional flows, nonlinear 
terms can grow to the same order as the linear terms and hence the linear 
wave front structure breaks down. 
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Figure B-4. Steady-state wave patterns with « 1 for (a) S < 1 

and (b) S > 1, after Sanmartin and Lam [10], 
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APPENDIX C. A CRITICAL REVIEW OF THE RESULTS 
FROM KINETIC TREATMENTS 


In Appendix B, we have seen that continuum calculations are, alm ost 
without exception, limited to the solution of linearized sets of equations. 
Inclusion of nonlinear terms, while possible, would prevent uncoupling of the 
equations and therefore require solution by numerical techniques. The advan- 
tages of a closed, analytical solution would then be lost and the more exact 
kinetic theory may as well be used. 

In this Appendix, we will consider only those theories which provide 
results in a useful parameter range and in a form which lends itself to com- 
parison with e 7 q)erimental measurements. There are a number of other calcu- 
lations available; however, due to the extreme complexity of the numerical 
programs involved, the results of these calculations are not easily altered to 
obtain a more meaningful solution (as was done with Rands theory, for 
example) , It is therefore necessary to accept the results as they are given. 

The techniques applied in kinetic theory make use of the fact that the 
characteristics of the Vlasov equation, on which the distribution function, f, 
remains constant, coincide with the trajectories of single ions. The numerical 
approaches can be divided into two basic groups: (1) the ”outside-in’' method, 
which follows the ions in time from the undisturbed medium upstream of the 
body, through the region of disturbance ard (2) the ”inside-out” method, which 
follows the ions frcni xiint of interest within the disturbed zone, back up- 
stream to the undistuAoed medium. 

The outside-in method is of two types: the ’’fluxtube” technique and the 
"super particle" technique. The fluxtube technique assumes the flux of 
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particles in a small tube, defined by two neighboring ion trajectories, to be 
constant. Since the two trajectories (characteristics of the Vlasov equation) 
define the cross-sectional area of the tube and the ion velocity is known along 
the trajectories, the ion density can be calculated anywhere within the flux 
tube. This technique has been used by Davis and Harris 1 11] , Call [ 11] , 

Martin [ 13] , and McDonald and Smetana [12] . It has the advantage of greatly 
reducing the number of trajectory calculations required, and hence computa- 
tional time. However, it does not allow for crossing trajectories and is there- 
fore not realistic in all regions of the plasma wake; it is suitable orly for cold 
ion streams, and a distribution function must be assumed for the electrons. 

In the super particle (or weighted deposition) technique, the plasma 
flowing into the region of interest is divided into a large number of discrete 
packets containing many particles. Each packet is assigned the total mass and 
charge of the particles it contains and is treated as a single super particle. 

The trajectories of the super particles are followed through the region of 
interest which is divided into spatial cells. When the trajectory of a siqper 
particle passes through a cell, its density and charge are considered to occupy 
the entire cell uniformly and are w'eighted by the amount of time the super 
particle spends in the cell. By considering the contribution of all trajectories 
to each cell, .he complete number density distribution in the region of interest 
can be constructed. This technique accounts for the possibility of crossing 
trajectories and is adaptable to time -dependent computer simulation. However, 
many trajectories are required to obtain good statistics and the technique is 
therefore time consuming. This technique has been used by Parker [15], 
Maslennikov and Sigov (16,17,18] and Maslennikov, et al. [19]. Again, a 
Maxwellian distribution function must be assumed for the electrons. 

The inside-out method was developed by Parker [15j. It is very 
flexible and has the advantages that the points to be evaluated can be chosen 
and only trajectories intersecting these points need be calculated; it is suitable 
for cither ions or electrons, and it accounts for crossing trajectories. How- 
ever, information carried by the trajectories is lost from point-to-point and 
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the process is therefore very time consuming. This technique has been used 
by Taylor [20], Parker [21], Parker and Whipple [22], Fournier [23], and 
Grabowski and Fischer [24] (who assumed quasineutrality). 

Althou^ some simplifying assumptions wiU be used in each case 
discussed in this appendix, the kinetic approach is not restricted by any funda- 
mental underlying assumptions of the type which were necessary to obtain the 
fluid equations in Chapter II. A. l.b. The usual simplifying assumptions are: 

(1) Steady state conditions, i.e., 8/8t h 0. 

(2) A collisionless medium, i.e., X 

(3) No magnetic effects. 

(4) A perfectly absorbing body surface. 

( 5) A uniform negative surface potential on the body. 

(6) A Maxwell -Boltzmann electron distribution; i.e. , n^ = n^ exp[a0 ]. 

(7) T /T. » 1. 

e 

(8) V « c . 

' ' o e 

(9) Axial or cylindrical symmetry. 

Additional assumptions or exceptions to these usual assumptions will be pointed 
out in the discussion below. 


1. Davis and Harris (1961) 

The cadculations by Davis and Harris are of interest because they 
represent the first attempt to include the electric potential in a self-consistent 
way [11]. The numerical solution made use of the usual assumptions to calcu- 
late the ion density and electric space potential around spherical bodies of 
= 10 and 25 with the surface potential (left as a parameter) ranging from 

-20 to -10* kT . 

e 

The numerical method used consists of following ions along trajectories 
beginning in the undisturbed plasma and passing into the disturbed zone 
(outside-in method) . The process proceeds by assuming an arbitrary ion 
density distribution, calculating tl space potential from the Poisson equation. 
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following ions along trajectories passing throng the region of interest to 
determine the velocity distribution, and, finally, calculating a new density by 
using the continuity equation. This process is iterated until the solution 
converges. 

The predicted effects of bodies of = 10 and 25 include: 

( 1) The body is almost surrounded by a positively charged sheath pro- 
duced primarily by repulsion of electrons. 

( 2) The shieldirig distance of such highly biased bodies may extent 
many Debye lengths into the medium. 

(3) A low ion density occurs in most of the space downstream from 
the body. 

(4) This rarefied zone may extend to a larger diameter than that of 
the body. 

(5) Near the axis, there exists a region of high positive space charge 
density which extends far downstream (resulting from ions focused onto the 
axis by the highly attractive body potential) . 

( 6) In the near wake a small region of negative space charge exists 
where the ions have been swept out by the bodies motion. 

The results of the Davis-Harris calculations are subject to large error 
due to the coarseness of the grid size used and therefore must be taken only 
as a very qualitative indication of the processes involved. 

2, Maslennikov and Sigov (1965, 1967, 1968, 1969) 

A numerical solution using the super particle technique was developed 
by Maslennikov and Sigov for axisilly symmetric bodies in a rarefied plasma 
flow [16]. This treatment makes the usual assumptions, given above, and 
provides a self-coi sisteut electric potential field. The potential on the body 
is left as a parameter. The numerical iterations are very similar to those of 
Davis and Harris, discussed above. 
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Collisionless plasma flow around spherical bodies was investigated in 

their first paper [16] for the conditions S = 4.4, R , = 1, = 0, and S = 1. 1, 

d D 

R^ = 1 and ^ = 0. These results are shown in Figures C-l(b) and (c). It is 
interesting to note that, although no magnetic effects are considered, the space 
potential oscillates in the wake for both cases. The wavelength of these oscilla- 
tions is obviously proportional to S. Their amplitude decreases with Z. The 
region of positive space potential would appear to agree qualitatively with the 
ion current peaks predicted by the fluid theory of Lam and Greenblatt [9] . 
However, the locations of these regions do not £q>pear to agree with the results 
of kinetic treatments by Taylor [20 j , Call [ 12] , and Martin [ 13] , who also 
predicts axial enhancement of ion current and potential. 

The most detailed results of the Maslennikov-Sigov theory are given in 
a 1967 paper [17]. These results, all obtained for spherical bodies, are 
shown in Figures C-1, C-2, and C-3. Figure C-1 gives space potential pro- 
files on the XZ -plane for a variety of conditions. The following observations 
were made: 

(1) For ^ region exists immediately behind the body which is 

void of ions but which remains populated by electrons. The depth of the poten- 
tial well thus created depends on (kT /m.V and R . 

' e 1 o ' o 

(2) Oscillations of and 4> are observed to some extent for all 

values of but particularly for 0 and = 1 (Figuie C-l(c)). The 

amplitude of these oscillations depends on (kT^/m.V^^), and R^. 

(3) For < 0, the focusing of the ions by the attractive body force 
dominates the wake so that the ion void region is replaced by an axial ion peak. 

A corresponding change occurs in the 4> -field (Figure C-lM' and (f)). 

Figure C-2 shows the perturbed ion trajectories in Uie flow field 
surrounding the body for a variety of conditions. Note that the data for F igure 
C-2(a) and (b) correspond to the potential profiles shown in Figure C-l(c) 
and (d) , respectively. Maslennikov and Sigov point out the very obvious 
occurrence of orbital ions (or quasifinite trajectories). Recall that the 
majority of theoretical studies do not allow crossing trajectories and therefore 
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do not show this effect. The orbital ions occur for $, « -1 and can be asso- 

b 

ciated with an impact parameter 5 ; i.e. , trajectories passing within a critical 
range of distance from the body. This effect occurs for the cases shown in 
Figure C-2(b) and (c). Figure C-2(d) provides an expanded view of the 
critical trajectories of Figure C-2(3). 

Although not discussed by Maslennikov and Sigov, an additional property 
of the ion trajectories is very apparent in their data. The ions passing near 
the body are deflected through a relatively large angle and cross the axis in the 
near wake. The velocity component normal to the wake axis, Vj^ , for these 
ions is sufficiently large so that the resulting kinetic energy is greater than 
the potential barrier on the wake axis; i.e., 1/2 > e<(i . However, the 

ions passing farther from the body experience a smaller attractive force, are 
deflected through a smaller angle and intersect the wake axis farther down- 
stream. It is apparent then that since there are regions of positive space 
potential on the wake axis (Figure C-1) that at some point down stream, the 
condition 1/2 ni^Vj^^ < e<^ will arise. At this point, the ions will be repelled 
from the axis and travel back into the ambient medium. This effect is shown 
clearly by Figures C-2(a) , (b) , and (c) , and graphically illustrates the 
explanation given by Hester and Sonin (34,521 for the repeated occurrence of 
trailing shock tjT>e structures in the wakes of small cylinders (this is discusseu 
in Appendix E. g. 1) . 

Figure C-3 shows ion current pruiJes calculated at z = 1.4 down- 
stream from a spherical body with R . = 0. 08 and S = 1.4. The calculations 

d 

were carried out for a variety of body potentials and presented in the same 
format as the data by Hall, Kemp, and Sollen (46) (Figure E-4, Appendix 
E.l.c.). For « -1, in addition to the dominant axial ion peak, two 
additional ion peaks begin to appear off axis. This was observed experiment- 
ally by Hall, Kemp, and Sellen (461 , but even more clearly by Hester and 
Sonin (34, 51-53) (Figure E-13(b) of Appendix E. l.g) . Hall, Kemp, and 
Sellen did not provide the necessary measurements to evaluate scaling 
parameters; however, the splitting off of the two additi nal peals in the 
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Hester-Sonin experiment occurred at z/R^ < for = -20 . The calcula- 
tions of Figure C-3 are carried out at Z/R^ = 17. 5 and the division occurs for 
-24 and -38.6. Therefore the comparison is quite good. 

3. Taylor ( 1967) 

Taylor calculated potential and ion density profiles downstream from an 

infinitely long, rectangular cylinder oriented with its axis normal to the plasma 

flow direction [20]. All of the usual assumptioiis were mad' : a me exception 

that the thermal motion of the ions was considered with T . = T . 

1 e 

A closed zeroth-order solution of number density, n.‘^^ an'^ potenual 

( ^ 

, was obtained for neutral ions (i*e, , no E-field effects fo^ ions) with 

T = T • A first-order ion distribution function was then found by the inside-out 
i e 

method. The first-order distribution functio'^ was integrated at a number of 
points to obtain the n.^^^ (x,z) profiles. The potential, ^ was then obtained 
from Poisson’s equation. 

The main results of Taylor’s calculations are as follow^ 

(1) In the frontal region, • This is explained by the f^ct 

that the E-field accelerates the ions, increasing their speed, and hence 
decreasing tneir density according tc the continuity equation, xhere is no 
contribution from reflected parti'^les due to the total absorption assumptior . 
(This effect was also found by Stone and Sheldon [ 2 ]. ) 

(2) The first-order solution, fills the ion void region, swept out 

(0) ^ 

by the body, farter than n.' ' , resulting in the region becoming shorter but 
wider. This xs shown by the tran'^verse profiles in Figure C-4. Note also that 
there is K) change in at the geometric wake edge os a function of Z. 

This agrees with Rand’s results for the Irvgc disk when they are altered for 
T. = 0. 

i. 

(3) A potential well occurs in the wake. The location of this potential 

minimum moves toward the body as becomes more negative and se- ms to 

b 

attach to the rear surface of the body for =• -1. 
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(4) An axial peak occurs in the wake, for small < 0, beginn- 

ing approximately at Z = S (Figure C-5(a) J, This is attributed to a focus- 
ing effect for ions produced by the attractive potential on the body. This 
explanation s supported by the fact that the strength of the focusing effect is 
proportional to By increasing the negative bias to -14, the axial 

ion current peak was drawn sufficiently close to the body to observe its overall 
nature (Figure C-5(b) ] . It was found to reach a maximum value of 0. 9 n^ 

'r Tj^ = T^) and divide into a trailing structure further down stream. 

1 tie £pex of the trailing V was located at S (where the axial ion peak begins 
to grow). Its half angle was ~ 10* [which is approximately sin"*(l/s) ] and its 
thickness was on the order of a Debye length. 

It should be pointed out that Taylor carried out the iteration procedure 
only to first order. There is, therefore, no indication of whether the solution 
is conv'rgent and the electric potential is not self-consistent. However, in 
spite of this, his results agree well with other theoretical treatments of the 
problem. In fact, the trailing V structure is also found in the results of 
Maslennikov and Sigov [17,18] and Alpert, et al. [25]. The important con- 
tribution of Taylor’s calculations is to show that this effect remains very much 

in evidence for T. = T and is therefore not restricted to cold plasma flows. 
i e 

4. Gurevich, Pitaevskii, and Smirnova ( 1969) 

In addition to the usual assumptions, the calculations by Gurevich, 
et al. [26] assume quasineutrality, that both ion and electron distributions 
are proportional to a Boltzmann factor, and that the axial (in the flow direc- 
tion) component of ion velocity is constant. Note that the effect of assuming 
quasineutrality is to ignore the sheath region and therefore the ion attractive 
body potential. As a result of these assumptions, the Gurevich, et al. calcu- 
lations are very restrictive and of limited use. However, they provide results 
for different temperature ratios, T^/T., and a unique calculation of the form 
of the ion distribution function downstream from a long plate with its surface 
oriented normal to the flow direction. 

c - S 
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The effect of the temperature ratio was investigated for the case of a 

disk oriented normal to the flow direction. For T /T, = 1, the results show 

e 1 

a monotonic filling of the ion void region with increasing distance downstream. 

However, for T /T. = 4, some enhancement of n. occurred, centered on the 
e 1 i 

wake axis. It was stated that the amplitude of the axial n. = enhancement 
increased proportional to (T^/T.)'*^* for > 1, The regions of minimum 

ion concentration existing on either side of the axial n. enhancement were said 
to diverge at the angle given by sin”* (1/s), analogous to the Mach cone in 
hydrodynamics . 

The ion distribution function was given in the disturbed region down- 
stream from a long conducting plate at the transverse position x/R ~ 0.4 

o 

(x/H^ = 0 = center of the plate) and a variety of axial distances Z/R^, The 
resulting "two-peak" distributions (Figure C-6) will be discussed in a later 
section in conjunction with experimental observations. 

5. Call ( 1969) 

The calculations by Call [12] apply the usual assumptions to essentially 
the same kinetic £^proach used in the studies discussed above; i.e., ion tra- 
jectories are calculated to obtain a solution to the Vlassov equation and hence 
the ion density which in turn is used to obtain the electric potential through the 
Poisson equation. However, Call applied a more efficient numerical method 
which makes use of the flux tube concept of parallel flow in classical gas 
dynamics. The flux tube method requires only 2 to 5 trajectories per cell to 
obtain an accuracy of 5 % . This is an order of magnitude better accuracy per 
unit of computer time thr obtained by the siqjer particle technique used by 
Maslennikov and Sigov. The main disadvantage of the flux tube method is that 
it does not allow trajectories to cross flux tube boundaries; i.e. , adjacent ion 
trajectories cannot merge or cross and no reversal of the velocity component 

in the flow direction, v , is allowed. The result is that none of the semi- 

z 

infinite trajectories found by Maslennikov and Sigov would be allowed to occur. 
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The parameter range investigated by Call includes 0.2 < R . 25 

d 

-40 < ^ 0 and 1. 1 < S < 6, The body potential, is treated as a 

parameter althou^, according to Call, the floating potential can be estimated 
1 / 

by - fn[(2jr) ^ A/SJ, where A is the cross-sectional area and S is 
the total surface area of the body. 

The most important results of the study are as follows: 

( 1) The length of the ion void region behind the body is determined by 

the point on the Z-axis where the trajectories, which just graze the body, 
cross. Assuming T. - 0, 0, and 4> = 1, within the void region, this 

point is given by: = 2 (R^/Aj^) '2 (m.v^/2kTg) \ 

(2) The ion void region is almost void of electrons as well. There- 
fore, the local Debye length is greatly increased. 

( 3) For cylindrical or planar bodies oriented normal to the flow with 

R j - 1, ions which are deflected by the sheath electric field, cross at the wake 
a 

axis, and create a positive space potential. The crossing ion trajectories are 
focused by this perturbed field and emerge on the other side of the axis as 
narrow beams which are distinct from the two broad streams covering the 
remainder of the wake (Figure C-7). 

(4) The ion beams occurred in all solutiono for R^ ~ 1 and it was 
observed that their width, density, and angle to the flow direction increased 
with [Figures C-V(b) and (c) |. For R^ = 0.21, S = 3.2, and - -9, 

Call found the angle of the ion beams (0. 35 radian) , to compare well with the 
diverging V structure (0.34 radian) obscured by Hester and Sonin (Appendix 
E.l.g). 

( 5) The beams were absent in the wakes of large bodies (R^ ~ 25) . 
This presumably results from smaller ion density gradients, which allow 
electrons to neutralize any potential disturbance and, hence, no focusing of the 
ion trajectories occurs. 

(6) In the case of axially symmetric bodies, the wakes of a sphere and 
disc are essentially the sam<; except very near the body. This observation has 
been confirmed by experimental studies [78J and allowed a considerable 
simplification to Call’s calculations, 
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Compared to the two-dimensional problem (i*e. , a long flat plate 
or cylindrical body) , the axial symmetry produces additional ion compression 
as trajectories converge on the wake axis. This creates a much stronger axial 
ion enhancement. 

(8) A region of positive space potential is created by the axial ion 
peak, which repells ions from the wake axis and creates a second ion void 
region farther downstream with a corresponding negative space potential. 

This region attracts ions, creating a second ion enhancement still farther down- 
stream. This oscillating behavior continues along the wake axis, decreasing in 
amplitude with increasing Z [Figure C-8(b) ]. This effect seems analogous to 
the multiple wave fronts generated along the wake axis for small body in the 
theory of Sanmartin and Lam discussed in Section B.4 above. 

( 9) The amplitude of the potential oscillations along the wake axis are 
on the order of -0.4 < 4> <0.4. 

( 10) According to Call, the oscUlitory structure does not occur for 
the two-dimensional case (i.e. , long plate or cylindrical bodies) and indicates 
a fundamental difference in flows with and without axial symmetry [Figure 
C-8(c) j. However, this observation is not in agreementwith the results of either 
Rand [4] (Section B.2) , Fournier (Section C.b) , or Hester and Sonin [34] 
(Appendix E. l.g), which show the same type of oscillatory structure in the 
wake of a long cylinder. 

The implications of the flow fields shown in Figures C-7(a) and 
C-8(a) will be discussed in a later section in the context of experimental 
measurements. Call also included the effects of a magnetic field in some of 
the calculations. His conclusions are in agreement with those arrived at in 
this study on the basis of experimental results discussed in Appendix E.2; 
namely, that when the magnitude of B is appropriate with respect to ionos- 
pheric conditions, then Bj^ has no effect on the near and intermediate wake 
regions and B || has very little. 

Call assumes steady flow conditions as do all of the treatments dis- 
cussed (with the exception of Stone and Sheldon, discussed in Section 8 below) . 
However, Call incorrectly justifies this assumption based on the apparent 

observation of steady-state conditions in experimental studies. It was shown 
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in Chs^ter III that the available experimental observations do not, by any means 
means, indicate steady-state conditions. It should also be remembered that 
the Call results are based on the assumptions of parallel flow (no crossing or 
reversing ion trajectories) . nd cold ions (T. = 0) , 

o . Fournier ( 1971) 

The ealculations by Fournier [23] utilize what may be called a hybrid 
technique. The problem addressed is the usual Poisson-Vlasov system of 
equations and Fournier used the digital inside-out method of computation, 
developed by Parker [ 15] , to solve the Vlasov problem for ions. However, 
the electric potential was obtained by solving the Poisson equation on an analog 
computer. When electrons could be considered to have a Maxwell-Boltzmann 
distribution, the electron density was obtained on the analog machine as well. 
This hybrid approach has the advantage that the potential and electron density, 
which constitute a time-consuming "minor” iterate in a purely numerical 
computation, are obtained without iterating and are supplied to the digital 
computer as parameters for the numerical ion density computation. Major 
iterates, in which the ion distribution is obtained (usually only two to five were 
required) were carried out between the two machines until the solution 
converged. 

The usual assumptions are made (body geometry is limited to an 

infinitely long circular cylinder) with the exceptions that (1) « c^ is not 

required, although most results fall into this range, (2) there is, in principle, 

no restriction on the temperature ratio, T /T., which is varied from 1 to 10, 

e 1 

and ( 3) a Maxwell-Boltzmann electron distribution is not essential. Although 
the last assumption is used when permissible, for economic reasons, the 
electron Vlasov problem can be solved by inside-out trajectory analysis, just 
as the ion problem, in regions where the electrons are significantly disturbed. 

The boundary conditions are obtained by inverting real space to a unit 
circle; i.e., X = (p/R^)"*, where p is the real space radial distance. With 
this transformation, the boundary conditions become: 
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(1) $ = (a constant) on the unit circle, X= 1, corresponding to the 
body’s surface. 

(2) $ = 0 on the circle X = < 1, corresponding to distant points in 

real space beyond the zone of disturbance. 

(3) 8<^/dd = 0 for 0 = 0 or 7T, corresponding to the wake axis, which 
constitutes a boundary since it is only necessary to evaluate conditions at 
points in a half plane. 

The results of Fournier's calculations provide additional insight into 
the effect of the parameters R^, S, and T^/T^ on the behavior of the 
space potential, , and the charged-particle densities m and n^. Specifically, 
the following conclusions are obtained: 

(1) For < 0, the sheath thickness upstream (defined by = 0* 1) 

may be decreased by as much as four times from its value for a quiescent 
plasma by the supersonic nature of the ion flow. 

(2) As becomes increasingly negative, the contours of constant, , 
which are elongated downstream for less negative values of become more 
circular (Figure C-9) . This agrees with the experimental observations of 
Hall, Kemp, and Sellen (see Appendix E.l.c). 

(3) When becomes positive with respect to the oating potential, 
the upstream sheath vanishes and the body potential field extends far into the 
plasma (Figure C-9). This apparently results from extensive absorption of 
electrons by the body. This being the case, it should also be noted that the 
Boltzmann assumption for electrons (n^ = ejqj[<f> J) is no longer valid for 
this condition. 

(4) A potential well (<i> < <{>j^) was found to exist in the near wake for 

three cases evaluated by Fournier [see Figure C-9 for = +3 and 0 and 

Figure C-ll (b) J. It was concluded that the necessary conditions for the 

existence of a potential well are > 10 when < -2 and > 1 when 

^, > -2. This observation was made by independently varying 4> (Figure C-9) 
b t> 

and R^ (Figure C-ll) and also agrees with the theoretical results of Call [12], 
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Jew [83] and Parker (Section C.8). To the authors knowledge, there has been 
no experimental verification of the existence of a potential well. 

( 5) The development of deflected ion streams passing through the wake 
and diverging into the ambient medium is apparent in Figure C-9, for suffi- 
ciently negative body potentials. This occurs, then, for small bodies (R , = 

d 

1. 5) even though ion thermal effects are included (T^ = 

(6) The effect of the ratio is shown in Figure C-10. All other 

parameters being the same, ion thermal motion is seen to have the opposite 

effect of the negative body potential; i.e. , as T^/T. decreases, the equipoten- 

tial contours become elongated downstream. Similarly, the rather complex 

ion density contours which occur for T /T. = 10 are smoothed as T /T. 

e 1 e 1 

decreases. It should be noted, however, that ion Jensity profiles are still 
non-nionotonic for T^/T^ = 2, which is approximately the ratio occurring in the 
lower ionosphere ( 300 to 1000 km altitude) . 

In addition to the above findings, Fournier also corroborates Calls 
prediction (Section C. 5) of an oscillatii^ structure on the downstream wake 
axis for small bodies at low Mach numbers. However, where Call gave poten- 
tial contours for T. = 0, Fournier gives n. contours for T /T.= 1. 

1 1 e 1 

Finally, it should be pointed out that while the calculations by Fournier 
are the most general so far in regards to the restrictions on the plasma condi- 
tions, they are restricted to a two-dimensional problem; i.e. , an infinitely 
long, cylindrical body. Also, there are areas of disagreement; e.g. , Fournier 
concludes that the mid-wake structure for cylindrical bodies is significantly 
different from that of a long flat plate normal to the flow. This is not in 
agreement with the findings of Call [12]. 

7. Martin ( 1974) 

The calculations made by Martin [13] use the numerical technique 
developed by Call 1 12] and are subject to the same assumptions (see Section 5 
above). Therefore, the results of Martins calculations serve to extend those 
obtained by Ciill to provide additional insight into the electrostatic nature of 
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plasma flow interactions \. ith two-dimensional (long plate) and axisymmetric 

( disk) conducting bodies. Transverse ion density profiles at a variety of axial 

positions downstream from both bodies were calculated for R , = 1 and 0.2 with 

d 

S = 3. 5 and $ = -5. Additional calculations were made for a variety of con- 
ditions and are presented in the context of a parametric study. The main 
results are shown in Figures C-12 through C-16. 

Figures C -12(b) and C -12(c) give the transverse ion density profiles 
for the plate and disk respectively under the conditions R^ = 1, S = 3. 5, and 
-5. Part (a) shows the wake structure observed schematically. Notice 
the two types of wave structure found (indicated with ”d” and ’V”) . Ap 5 )arently 
the d peaks result from ion trajectories deflected across the wake by the elec- 
tric field in the sheath while the w peaks consist of ion trajectories which have 
been deflected less by the sheath field and, therefore, having a smaller trans- 
verse component of velocity, are redeflected away from the wake axis by the 
space potential associated with the dominant axial ion enhancement. [See the 
discussion of the Maslennikov and Sigov calculations in Section (C.2) above. ] 
The axial ion peak is much greater for an axisymmetric body than a plate 
(proportional to 27rR^n^ rather than 2n^) and, hence, a larger space charge 
potential develops. Therefore, fewer ions are able to penetrate the wake and 
contribute to the d peak for an axisymmetric body, most of them being deflected 
to create a strong w peak. For the two-dimensional case of the long plate, the 
opposite is true. The space potential on the axis is weaker, allowing most of 
the particles to penetrate and form a strong d peak while few ions are deflected 
from the axis to form a w peak. This can be seen by the relative peak heights 
shown in Figure C-12(b) and C-12(c). 

Figure C-13 shows the effect of the ion acoustic Mach number, S, on 
the axial crossing point for the most strongly deflected ion trajectories, Z^, 
and two wave angles 0^ and [see Figure C-12 (a) for definition of terms]. 
The crossing point is clearly proportional to S while the angle, 0^, follows 
the Mach angle closely. However, the angle 0^, is not well defined in terms 
of S for small values. 
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Figure C-14 shows the effect of on Z , and the angles 0, and 0 , 

b d d w 

Again, 0^ strictly follows the Mach angle and is unaffected by Note that 

0^ is linearly dependent on while appears to have a $ “^4 dependence. 

Transverse profiles of ion density are shown for both bodies in Figure 

C-15 for the conditions: R , = 0,2, S = 3. 5, and = -5. Note that the 

d b 

strength of the wake perturbations is greater than for 1 (Figure C-12), 

Also, no Mach cone (0^) structure is evident, although this may be concealed 

by the large axial enhancement. The other striking difference is the large 

increase in the strength of the d peak for the disc, indicating a greater number 

of ions are able to cross the wake axis. Also note that the angle of tiie d peak 

is reduced for both bodies in Figure C-15, indicating 0 , is proportional to R 

d d 

Details of the influence of R . on Z , and 0 , are shown in Figure C-16, 

d d 1 d 

The crossing point, Z ,, is not proportional to R. * as stated by Martin, but 

® 0 66 ^ 

depends more closely on R^ * ( determined empirically from the data points 

of Figure C-16) . 

By assuming the electric field, E, to be constant in the ion void region 
and proportional to acting over some distance r, Martin arrived at an 
approximate expression for Z^ ; i.e. , 

= ( 2 s 2 r ^/ E )‘^2 ~ , 


However, this expression omits the distance, r, over which $ acts and 

V ° 

thereby gives the incorrect R^ ^ dependence for Figure C-16. One would 

expect r to depend on in some way. If we assume the electric field to be 

given by C4>, /R where C and ^ are constants, then substitute this into the 
b d 

above formula and equate it to an empirical fit of the points given for Z , in 

d 

Figure C-16 we have: 


/ 2 1+f , \Vo 0.66 

= (2SR^ = 3.16R^ 
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Then 


Z s SB ^ 

d u D 

The S and dependence indicated in this formula are confirmed by the 
results given in Figures C-13 and C-14 while the dependence has been 
tailored to the results shown in Figure C-16. It is interesting that the results 
of such a complex calculation agree so well with such a simple formula based 
on physical arguments. This expression is discussed further in Chapter 
IV. A. 3 in the context of experimental results. 

The same qualifying statements made concerning Call's results in 
Section (C. 5) apply to the above results obtained by Martin. In addition, it 
should be mentioned that some of Martin's results do not seem consistent; 
i.e. , it is stated that the deflected ion beams create a corresponding perturba- 
tion of the potential field for B^ = 1 but that no such perturbation of the poten- 
tial field occurs for R , = 0.2. Yet, the ion density profiles of the two cases 

d 

indicate the density of the deflected ion beams to be greatest for R^ = 0. 2. 

No explanation is given for this apparent inconsistency, which may indicate 
that the solution is not entirely self-consistent. 

8. Other Calculations 

The following calculations will be mentioned only briefly to indicate 
their contribution to the above discussion. Again, only aspects ^plicable to 
the present study will be discussed. 

In a 1969 paper by I,iu [ 27 ) , calculations are made by assuming energy, 
angular momentum, and the component of ion velocity in the flow direction to 
be invariants and solving the resulting system of nonlinear integro -differential 
equations by numerical techniques. The near wakes of a large sphere and a 
large cylinder, oriented normal to the flow, were investigated. The results 
do not indicate any focusing of ions. However, the body potential was only 
slightly negative in all cases (4>^= -1) and the solution was only carried 
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downstream to Z = S*R^/2, which is insufficient to observe mid -wake struc- 
ture. Liu’s calculations indicate the existence of a potential well for both 
bodies in hypersonic flow with “1 and 20, which is consistent with 

the above results of Fournier. 

The calculations by Liu and Hung [28,29] treat the far-wake disti 

ances created in a hypersonic plasma, first by a large axially symmeti .• body 

and, second, by two large axially symmetric bodies aligned with V and 

o 

traveling some distance apart. This treatment assumes quasineutrality and 
small perturbations to linearize the Poisson equation and simplify the Vlasov 
equation. The resulting equations are solved by Fournier transformation tech- 
niques. With the exception of a difference in s^n (which results in ion density 
rarefaction, rather than condensation, waves) the results for a single body are 
in qualitative agreement with the experimental results of Hester and Sonin 
( Appendix E) . The effe^ ; of the second body traveling in the wake of the first 
is to enhance the density gradients associated with the wake disturbance. In 
both cases (sii^le body and two bodies aligned with V^) the effect of increasing 
T^/T. is to enhance the disturbance amplitude. Further, is seen to 

affect the disturbance cone half angle since this is defined by 0 = sin*^( 1/S) for 
both cases. 

Calculations have been made by Woodroffe and Sonin [30] which 
specifically treat the case of a long, very small diameter cylinder studied 
experimentally by Hester and Sonin (Appendix E). These calculations include 
the effects of in a region near the body. Far downstream, th? potential, 

4> , is assumed small and the linearized Poisson equation v. ed. The transition 
between the two solutions occurs when the potentials calculated by the Poisson 
and linearized Poisson equations are equal. The ion density in both regions is 
inferred from ion trajectory analysis (outside-in method). The far-wake 
solution is not iterated and should therefore not be self-consistent. This, 
coupled with the assumption of a cold ion stream (T^= 0) , may explain the 
unusually sharp potential and density gradients far downstream and the 


180 



general lack of dispersion. However, with this exception, the results compare 
very well with the experimental results of Hester and Sonin and appear t<> be 
physically reasonable. 

The calculations by Stone and Sheldon (2] address the time -dependent 
hypersonic plasma flow interaction problem in one dimension; i.e. , the body 
consisted of an infinite plate oriented normal to the flow direction. The inclu- 
sion of time dependence in this problem necessitated a simplified body geome- 
try. However, the problem has application to the frontal region at the axis of 
S 5 rmmetry of very large spacecraft and, to the author’s knowledge, is the only 
time -dependent treatment of the spacecraft -space plasma interaction problem. 
The ion stream was assumed cold (T. = 0) and the electrons were given a 
Maxwell-Boltzmann distribution. The resulting integro -differential equations 
were solved numerically. Two cases were treated: Case I — The body was 
grounded and then allowed to seek equilibrium conditions corresponding to the 
ionosphere at 200 km altitude, and Case II — starting with the equilibrium con- 
ditions of Case I, the plasma parameters were instantaneously changed to those 
corresponding to the ionosphere at 3000 km and new equilibrium conditions 
approached. The following results were obtained from these calculations-. 

(1) Equilibrium was reached from a grounded body (Case I) in 1.42 
fisec while the transition from equilibrium conditions at 200 km to those at 
3000 km (Case II) required 30.5 ^sec. 

( 2) The surface charge density and sheath potential were found to 
overshoot early in Case n (at t = 0.4 jisec) and decrease monotonically to their 
equilibrium values ( indicating the delayed response of the ion population) . 

( 3) The equilibrium sheath thicknesses at 200 and 3000 km w'ere 0. 3 
and 0.7 cm, respectively. 

(4) The equilibrium floating potentials were 0.06 volts at 200 km and 
0. 5 volts at 3000 km. 

(5) A depletion in ion density occurred in the sheath region for both 
cases (consistent with Taylor, Section C. 3 above). The sheath thickness and 
floating potential values are low because the value of T^ used was a factor of 
3 too small. 
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The most recent and, seemingly, the most general steady-state treat- 
ment of the plasma flow interaction problem was developed by Parker in 1976 
[21] . This numerical program uses the inside-out method for ion as well as 
electron trajectory analysis (although electrons are considered Maxwell- 
Boltzmann where possible). It is not limited to a cylindrical body (as are the 
Fournier calculations) and should permit all possible physical effects (such as 
crossing trajectories and a variety of boundary conditions on the body; i.e. , 
particle emission, finite conductive, etc.). The main drawback of this 
approach seems hj be the extensive computer time required. To minimize 
this, Parker limited the ion trajectory analysis to 10 speeds, 10 radial angles, 
and 10 azimuthal angles and the boundaries of the region treated to 0 < r/R^ < 

2.5 and 0 < z/R < 6 [31]. Unfortunately, this made the results too course 
o 

to clearly observe any detailed mid-wake structure and, in addition, converg- 
ence in this region was poor. However the results generally comply with those 
to be expected in the near wake; i.e. , a potential well is found for R^ = 100 
and = -4 (consistent with Fournier, Section C.6 above) • 
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Figure C-1, Potential field in the vicinity of spherical bodies in a 
collisionless plasma. All axes are normalized by except (a) 

which is normalized by R^, after Maslennikov 

and Sigov [ 16-18 J. 
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Figure C-2, Ion trajectories in the vicinity of spherical bodies. Note that 
(d) is an expansion of some trajectories of (c). All distances are 
normalized by V , after Maslennikov and Sigov (171. 


184 




Figure C-3. Ion density profiles in the plane Z/R = 1.4 behind a 

o 

spherical body with = O.OS, S = 1.4, and as shown, 
after Maslennikov andSigov fl7J. 



Figure C-4. Transverse ion density profiles downstream from a long 

rectangular cylinder for the conditions: R, = 1.5, S = 6, 4‘. = 

d o 

-2,75, X = x^R^. Solid lines are first order solutions, 

n.^^\ while dashed lines are n.^^^ solutions, 

1 1 

after Taylor (20J, 




Figure C-5. Ion density profiles for the conditions of Figure C-4 
^d ~ '**b~ 

are first order, normalized by n , after Taylor (20J. 









V. 


Figure C-6. 
at X R 

o 


Ion distribution function, f , behind a long plate 

^0.4 and various values of t = z /S»R , T /T. = 1, 
after Gurevich, et al. J26J, ® ® * 
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Figure C-8. Ion trajectories (a) and potential contours (b) , for a disk witli 

R = 1, S = 1.1, and 4>, = 0, and (c) potential profiles for a long 
d b 


plate under same conditions, after Call [12]. 
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Figure C-11. Equipotential contours for S = 6, $ = -2.75, T /T 

D 0 

and (a) R , = 1.5 and (b) R = 10, after Fournier [23]. 







Figure C-12. Transverse ion density profiles for R , = 1, S= 3.5, and 

d 

4>j^= -5 for (b) a plate and (c) a disk, (a) shows behavior 
schematically, after Martin [13]. 
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Figure C-13, Variation of Z , (open circles) , 0 (triang!es-open — plate, 

d d 

closed — disk) , and (circles, open — plate, closed — disk) 
with S. Dashed line shows Mach angle, after Martin [13]. 



Figure C-14, Effect of on (circles), 0^ (circles), and 9 ^ 

(triangles) open — plate, closed — disk. Dashed line shows 
the Mach angle, after Martin [13j. 
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APPENDIX D. A CRITICAL REVIEW OF THE RESULTS 
FROM THE AVAILABLE SATELLITE DATA 

1, Spacecraft, Instruments, and Mission Parameters 

The basic geometry of the Ariel I, Explorer 31, AE-C, and Gemini- 

Agena 10 spacecraft, the location of instruments, and important dimensions 

are shown in Figure D-1. The various mission parameters and other 

necessary data are given in Table D-1, The most common instruments used 

were: (1) the retarding potential analyzer (RPA) , (2) the cylindrical or the 

planar, guarded Langmuir probe, and (3) the spherical ion trap. The RPA 

and the Langmuir probe techniques are discussed in Appendix F. The spherical 

ion trap on Ariel I and Fxplorer 31 was mounted on a short stem (r ~ 2R^ from 

center) on the spin axis and consisted of a 9 cm diameter spherical collector 

enclosed by a concentric spherical grid 10 cm in diameter. The grid was 

biased to repell electrons ( -6 volts on Ariel I) . 

On the Ariel I satellite, the boom and base probes were planar 

Langmuir probes, each consisting of a 2 cm diameter disc collector 

surrounded by a 1 cm wide guard ring. The boom probe was mounted at 

r = 5 R from the center of the satellite with the instrument face norm? ' to the 
o 

satellite spin axis and facing the opposite direction from the base (surface 
mounted) probe. The base probe was mounted on the spin axis. 

The stem mounted probes on Ejqjlorer 31 were cylindrical Langmuir 
probes which made measurements over a length of 23 cm centered at r ~ 2 R 

o 

from the center of the satellite. A planar RPA was a’ so used on the E^qjlorer 
31 and was located in a position similar to that of the surface -mounted planar 
Langmuir probe shown in Figure D-l(b). The ion and electron sensors 
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(plstnar RPA's) on the Agen& vehicle were mounte<' near the docking cone, even 
with the skin of the booster, and facing outward, norniai to its axis of 
S3rmmetry, 


2. Results Obtained from Iiisitu Data 

a. Electron and Ion Current Variations in the Near Wake , The varia- 
tion of electron Qux at the Ariel I surface with an^e of attack is shown in 
F ipure D-2. The current at the surface was measured by the base probe and 
normalized by the current to the boom-mounted probe (assumed to be ambient). 
This normalization as necessary since the satellite spin axis was fixed in 
space and therefore the base probe rotated through the wake only once per orbit 
and ionospheric conditions could be expected to have varied significantly over 
the time and distances involved. F rom these data, it was concluded that 
( 1) in the altitude range of 400 to 700 km (where 0^ is the major ion constitu- 
eiic) , the near wake electron flux is depleted by a factor of 10~^ below’ tlie 
ambient value, (2) no enhancement occurs in the frontal region, and (3) the 
current collected by the boom probe was jqpparently not significantly reduced 
when in its own wake (891 . The third conclusion may appear peculiar in light 
of the first, and the numerous other theoretical predictions and experimental 
observations of the ion and electron depletion region in the near wake. How- 
ever, it should be noted that, while the satellite (which did create an electron 
depletion in its near wake) was at a negative floating potential, the probe was 
biased very near plasma potential when the currents were measui’ed. As a 
result, electrons of all kinetic energies would be absorbed at the probe sur- 
face, therefore preventing the build up of a large negative space charge (see 
Fournier, Appendix C.o). If the measurements were made slightly into the 
electron acceleration region of the probe chai’arteristic (slightly positive with 
respect to plasma potential) , the electron flux would tend to become even more 
isotropic. The effects of wake will, in this way, be minimized for elec- 
trons and only a small reduction in e "’iix v -uld be expected. 
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Figure D-3 shows the election current collected by the Ariel I boom 
probe (at r = S R^) as a function of an^e of attack (averaged over 10* inter- 
vals) . The currents, in this case, were not determined with the probe near 
plasma potential, as in Figure D-2, but were obtained from the modulation 
deptti of the first derivatiw, dl^/dA^, in the acceleration region (positive with 
respect to plasma potential) . Note that the Ariel I spin axis rotated with 
respect to the velocity vector and as a result, the boom probe passed throu^ 
the disturbance created by various parts of the satellite. The two curves 
given show the disturbances created by the spherical ion probe (part a) and the 
main body (part b). It was concluded from this and similar data that (1) the 
width of the wakes of both the ion probe and the main body were wider than the 
corresponding geometric wakes, (2) both wakes show an enhancement at the 
center (0 =- 180*), and (3) the wake due to the spherical ion probe was very 
similar to that of the main body in extent and amplitude, even though the ratio 
of the effective radii of the two bodies was about 6 [36]. It was pointed out. 


however, that the spherical ion probe was biased 6 volts negative with respect 
to the main body, which was, in turn, floatii^ between 0 and 1 volt negative 
with respect to the ambient plasma. This could be expected to enlarge the 
disturbed zone considei'ably (Chapter IV). 

Figure D-4 shows electron current profiles as a function of angle of 
attack taken at uio surface of the £}q)lorer 31 satellite. This satellite had a 
hi^ly elliptical orbit (Table D-2) which allowed the electron depletion to be 
observed as a function of altitude. The measurements were made with a 


surface-mounted, planar -guardeo Langmuir probe (Figure D-1). The current 
densities were obtained when the probe w'as at the plasma potential. Note that 
the amount of depletion in the wake region (0 ~ 180®) decreased with increas- 
ing altitude; i.e. , n^ (wake) /n^ (front) ranges from 0.01 at 500 to 600 km to 
1.0 at 3000 km [37]. The low altitude depletion is in agreement with the value 
obtained from the Ariel I measurements over a similar altitude range (400 to 
70o km) . The plasma density, temperature, and ion constituents change 
significantly over this altitude range. However, the average ion mass was 
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found to be the dominant parameter affecting the variation of the electron 

current depletion. The dependence of 6^ = (n^ (wake) J •'(n^ (front) ] on 

(M.J shown in Figure D-5 (38 J. Note that 6 is determined from profiles 
1 av e 

similar to those of Figure D-4 and is plotted against the average ionic mass 
measured at the appropriate altitudes by the sj^erical ion mass spectrometer 
(37j (referred to as "s{dierical ion trap” in Figure D-1). 

The behavior of the ion density measured by the spherical ion trap at 
about 2 from the center of the Ariel I satellite (Figure D-1) is shown as a 
function of angle of attack in Figure D-6. The ion density measurements have 
been normalized by the electron density measured at the same time by the 
boom probe (assumed to be the ambient plasma density) . Some form of 
normalization was necessary since each rotation of the spherical ion trtqp 
required one complete orbit and ionospheric conditions could be expected to 
have varied significantly, as previously noted. The authors 139J note that the 
ion density depletion observed was not as great as the electron depletion under 
comparable conditions; i.e. , ~ 3 compared to ~ 10“^ (Figure D-2) . This was 
explained by the difference in radial distances (r ^ probe 

compared to r = for the electron probe) which, in turn, was taken to 
indicate that die maximum ion depletion is confined to an axial distance of 
Z - 2 R^ 139J. However, this explanation is not in agreement with other, 
more recent theoretical and experimental results which prr>dict the ion void 
region (maximum depletioi ' to extend down stream to about Z ^ [20], 

For the altitudes of 100 to 1200 km, S 3 so that one would not expect to sec 
the void begin to fill until Z 3 R^ . In retrospect, possibly a more plausible 
explanation is the effect cf the probe being biased 6 to 7 volts negative with 
respect to plasma potential, which could possibly have attracted ions from the 
wake boundaries when the probe rotated into the void region. 

Although no explanation has been given for the ion enhancements 
occurring between 90“ and 120“ on either side of the wake 139,841, it seems 
appropriate to comment on their possible origin in light ot the numerous 
stuaies reviewed herein. First, it seems unlikely that such an effect could 


199 



result from the satellite itself since its surface was a conductor and all 
studies (theoretical and experimental) failed to reveal anv structure in this 
location ( at 120* , Z = 1 R^, and X = 1. 7 R^) for this type surface However , 
Figure D-1 shows that when the spherical ion trap was oriented at 120* to the 
flow direction, the solar petals were located upstream. Solar cells have 
insulating surfaces of uncertain characteristics and the petals, themselves, 
may have regions biased at a relatively high potential exposed to the plasma 
( F igure D-1) . In either case, the assumption that all charge is absorbed at 
the body surface (Appendix B) may not £^ly. The conditions of the theoretical 
and experimental studies would not be met in such a case and their results 
would no longer strictly aj^lv. Therefore, the possibility that ion acoustic 
type shock fronts were created by the solar petals cannot be ruled out. On 
the other hand, there are good reasons to suspect that the effect may be 
instrumental. Note that the electron current collected by the surface mounted 
planar Langmuir probe on Explorer 31 (Figure D-4) had typically not reached 
ambient (maximum frontal) value at 0 5- 60*. If the same effect can be 
assumed to have occurred for the base probe on Ariel I, then Figure D-2 
indicates that, while the boom probe current did not decrease by orders of 
magnituoe in its self wake (as discussed following Figure 0-2) , it must have 
decreased ~50% between 60* and 120* since the ratio, n^ (base) /n^ (boom) , 
remained unity over this range. The enhancements of n^n^ (boom) shown in 
Figure D-6 may therefore indicate that m remained constant while n^ (boom) 
decreased 40T over the angular range 90* s 9 ^ 120*. As stated above, this 
ion behavior is consistent with the res its of other studies. Unfortunately, 
neither possibility can be evaluated with the published data. 

The behavior of both electron and ion currents at the surface of the 
Explorer 31 satellite is shown as a function of ?ngle of attack in Figure D-7. 

( All curves are normalized by the ^propriate current measured in the frontal 
direction.) The electron currents were obtained from the surface mounted 
Langmuir probe, as above (38,851, while the ion currents were measured by 
a planar RPA (86J mounted in a similar position (Figure D-1). The 
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dimensionless parameters for each set of ion and electron current curves are 
given in Table D-2. These values were obtained by averaging the parameters 
over a range of altitudes where they remain relatively constant, as indi ::ated 
in the table. The authors concluded that the ion density is less than the elec- 
tron density for e > 90** and that this difference increases as e approaches 
180® (i.e. , approaches the wake axis) 1 86 J . Wo may also point out that the 
ion current profiles drop in amplitude at any given ingle as the ion Mach 
number, S, increases. Ti e CV bye ratio, R^, also increases but less dramat- 
ically while Quxuates over the three cases. Ft car therefore ■'•'"eluded 
that, in these cases, S is the dominant parametei ( i> least of the four parame- 
ters considered) controllirig wake filling by ions very near the body. For 
electron filling, a different dependence emerges; i.e. , the only case in which 
decreased appreciably, involves a large increase in R^. Note that S also 
increased to some extent and may have contributed to the observed depletion. 

The main ob jective of the Gemini-Agena 10 experiment was to attempt 
an axial mapping of the wake produced by the Gemini capsule [89j. This was 
to be accomplished by aligning the Gemini-Agena system with tt»e orbital 
velocity vector and moving tlie Gemini upstream (Figure D-1). The currents 
measured by the outboard ion and electron sensors during this maneuver are 
shown in Figure D-8(a), It must be pointed out that the distances shown are 
separation distances between the two craft, determined by thruster firing data 
(43| , and are not necessarily aligned with the flow direction; i.e., the angle 
between the line connecting the two vehicles and the flow direction could not be 
deti'rmined accurately. Hence, it is possible that the Gemini moved signific- 
antly off the Z-axis (75,841, The possible effects of this ambiguity are 
discussed in Chapter IV. It can be concluded from these data, however, that 
in tlie near wake (wiUiin a few radii of tlie Gemini) there is a depletion of botli 
ions and electrons with a net negative space chai'ge remaining. This is con- 
sistent witli the above observations from the Ariel I and Explorer 31 satellites. 

Figure D-8(b) shows the currents measured by tlie outboard electron 
and ion sensors during a yaw maneuver of the Agena. This effectively shows 


201 



a self-mi^ping of the Agena similar to the measurements by the base probes on 
the Ariel I and Eiq)lorer 31 satellites. Beginning at orientation A, with the 
sensors facing into the flow, the Agena rotated to position B where the sensors 
faced downstream into the wake of die docking cone. In between, the wake of 
tlie main body was observed, which is indicated by the abrupt dip and subse- 
quent rise in electron current. The authors {43] conclude from these data that 
while the electron current decreased by about two orders of magnitude during 
the maneuver and the ion current decreased by at least four orders ( 5 x 15“*‘ A 
was the lower limit of the sensors) . It was also noted that the ion depletion is 
comparable to that measured on the Ariel I and E>qplorer 31 satellites, at the 
^propriate altitude, even though the geometry of the Agena differed consider- 
ably. This was taken to indicate that the ion mass, m., and Debye ratio, R^, 
are more important in the wake, near the trailing surface, than the geometrical 
configuration of the spacecraft. 

The variation of electron current and density with angle of attack was 
also investigated using the Ejqilorer 31 stem-mounted, cylindrical Langmuir 
probes (87,88]. These probes provide measurements at r ~ ^ from the 
center of the satellite, which was roughly the radial position of the spherical 
ion trap on the Ariel I. The electron density measurements in the wake of the 
Explorer 31 agree well with the ion densities measured in the wake of the Ariel 
I. However, cylindrical Langmuir probe measurements are subject to the 
same type of limitations discussed above for the spherical ion trjq); i.e. , they 
were made with the probe biased highly positive which could be expected to 
have attracted electrons from a large region of the near wake where the 
charged particle density is low and, therefore, the Debye length is long. Also 
note that the cylindrical probes collect current over a range in r of approxi- 
mately R^/2 (which would tend to smear out any fine structure) and are 
influenced by the orientation of the geomagnetic field (12). 

More recent investigations have been made of both ion and electron 
currents, using an improved version of the cylindrical Langmuir probe, on 
the Atmospheric Explorer C satellite (40,41). The basic satellite geometry 
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and probe orientations are shown in F igure D-1. These probes provide 

measurements at r ~ 1.6 R from the center of the satellite. The collector 

o 

is only 7.5 cm long as compared to 23 cm for the Explorer 31 instrument. 
Therefore, measurements should be confined to a smaller spatial region. 
Unfortunately, the currents and densities were still measured in either the ion 
or the electron acceleration portion of the probe current-voltage characteris- 
tic, and the effect of relatively high potentials on the collection area is difficult 
to assess within the wake region. However, ion density measurements made 
by the cylindrical Langmuir probes compared well with those obtained from a 
planar RPA. The basic findings of these studies are: 

(1) The variation of ion density with angle of attach, n^(0) has an 
exponential dependence on the Debye ratio in the wake region; i.e. , n. (wake) ~ 
exp (R^). 

(2) The ion density in the wake region depends linearly on S; i.e., 
n (wake) ~ S. 

( 3) The presence of hydrogen ions greatly accelerates the wake-filling 

process; i.e., for (n^+^n +) « 1, n. (wake) n. = 10“^ and 30 for T = 

H O 1 lo 0 

1000®K and 3000®K, respectively, whereas for ~ (wake) / 

n.^ ^ 6 at T^ = 1000®K, and 2.3 at T^ - 3000®K (where n^^+ is the hydrogen 
ion concentration and n^+, the atomic oxygen ion concentration) . These 
results demonstrate the contribution of both temperature and relative hydrogen- 
atomic oxygen ion concentrations to the wake filling process. 

b. Electron Temperature Variations in the Near Wake. Two investi- 
gations of the variation of electron temperature with angle of attack have been 
carried out. The first makes use of data from the Ejq>lorer 31 surface- 
mounted planar Langmuir probe [80] while the second makes use of additional 
data from the Explorer 31 surface mounted planar RPA [42] . Both of these 
investigations revealed a significant increase in T^ within the spacecraft wake. 

In the first investigation [80] , two well documented examples of large 
electron temperature enhancements in the wake region are given; i.e. , 

T^ (wake)/T^ (front) ? 1.8, The results, shown in Figure D-9 and 
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characterized by the parameters given in Table D-3, were obtained from the 
surface mounted Langmuir probe. The data were analyzed by the Druyvesteyn 
technique (Appendix F) . In the wake, the collected current was too low to 
properly test the distribution for Maxwellianality and the authors note that the 
distribution may have deviated from a Maxwellian and, therefore, the concept 
of temperature must be used with this understanding. 

The T enhancement was found to occur at a large number of locations 
e 

and times for altitudes below 2000 km. Figure D-10 shows T^ (front) and T^ 
(wake) as a function of altit(<de between 500 and 750 km. For altitudes above 
2000 km the enhancement became less obvious. It was alco noted that the same 
probe, mounted on the boom at 2 on Ariel I, did not reveal any T^ enhance- 
ment in the wake. It was, therefore, concluded that the enhancement must be 
limited to the near wake. (Laboratory measurements show the region of T^ 
enhancement to conform roughly to the ion void region; see Chapter IV). 

The possible influence of the geomagnetic field on T^ was also dis- 
cussed. Figure D-11 shows two cases of T^ as a function of the angle between 
the geomagnetic field direction and the probe normal with the region of the wake 
indicated for each case. Although some magnetic effects appear, they are 
clearly dominated in these cases by the enhancement associated with the wake. 

The second investigation [42) used data from the surface -mounted RPA 

in addition to the data used in the investigation discussed above [80J. The 

RPA determined T to an accuracy of ±50® or better. In addition, the data 
e 

were subjected to a rigid screenmg process to eliminate spurrious effects 

which may occur when the sun shines into the instrument and poor quality data 

that did not submit to a good, reliable fit by theoretical probe characteristics. 

A very large amount of electron temperature data obtained at altitudes ranging 

from 500 to 3000 km was screened and those found admissible were plotted 

against the angle between the probe normal and the flow direction. The data 

were found to fall into four general categories, illustrated by the example 

data in Figure D-12, which depend primarily on the average ionic mass, 

[m ] . For (m.j ~ 1.1 and with the satellite in the earth’s shadow, 

i av 1 av 
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no enhancement of T was found as shown in Figure D-12(a) . • For [m. ] ~ 

e ' i av 

1.6 and 3.3 with the satellite in the suhli^t (Figure D-12(b) and (c) ], a T 

© 

minimum occurred in the forward direction (assumed ambient) and a definite 
enhancement occurred in the wake. In the fourth class [Figure D-12(d) ] , 
the satellite was illuminated by the sun and the average ionic mass was 4.4. 

Notice that for this class of data, the T maximum and minimum values show 

e 

a definite offset from 9 = 180® and 0=0®. Almost all data fell into one of 
the above classes. It was also stated that the tjrpes of enhancements were 
repeatable under similar ionospheric conditions. 

Statistically, it was found that 62% of the data was anisotropic with 
respect to the angle between the probe normal and the magnetic field direction. 
However, 52% of these cases were enhancements while 48% were deple- 
tions, indicating no clear dependence on the magnetic field. When the data 
were related to the angle between the probe normal and the flow direction, 

67% of the (0) curves were anisotropic, of which 88% were enhance- 
ments. Eleven percent of the enhancements were greater than 1000 ®K and 
46% were greater than 500® K. Statistically, a clear dependence on angle of 
attack is indicated. Similar considerations did not reveal any clear correla- 
tion with ionic mass existed. 

Since the electron temperature was obtained by fitting all data from a 

sweep with theoretical curves and local plasma potential was determined by the 

position of the maximum value of the enhancements observed 

cannot be explained by a truncated Maxwellian produced by a shift in the space 

charge potential as suggested by niiano and Story (Appendix E. 1. i). Similar 

T enhancements were found in the Gemini -Agena 10 data [43]. 
e 

Two mechanisms were offered as possible explanations of the effect: 

( 1) the existence of a three-dimensional potential barrier in the near wake, 
which would selectively repel electrons of different energies, depending on 
their trajectory angle, and (2) the existence of wave-particle interactions 
associated with either a potential wf*ll in the near wake and/or the steep density 
gradients at the wake boundary. Unfortunately, the investigation was unable to 
uniquely test either alternative. 
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c. Evidence of Plasma Oscillations in the Near Wake. The oscillations 
discussed here refer to temporal variations of the plasma in the spacecraft 
frame of reference as opposed to oscUlations in the plasma reference frame, 
which appear as standing waves when viewed from the moving spacecraft. 
Tenoral oscillations of this type, generated by the spacecraft motion, have 
never been directly observed, primarily because the necessary type of mea- 
surements were not made. However, the boom-mounted planar Langmuir 
probe on the Ariel I satellite exhibited a peculiar behavior at certain distinct 
an^es of attack which corresponded to the times when the probe moved across 
the wake boundaries [39]. 

The Ariel I Langmuir probe data were analyzed by the Druyveste 5 m 

technique which makes use of the first and second derivatives of the probe 

current with respect to the probe potential; i.e. , dl/d^ and Sl/d<t) ^ 

P p 

(Appendix F). These derivatives were obtained directly from the Ariel I 
probes by using the AC mode of operation in which the main sweep voltage was 
modulated by two small amplitude oscillations of 500 Hz and 3. 2 kHz. The first 
and second derivatives were then directly proportional to the amplitude of the 
current variations at these frequencies. 

When the probe rotated into the wake region, the total collected current 
dropped below the sensitivity of the instrument. In this case, the modulated 
currents, obtained by appropriate filtering of the total current, should have 
approached the noise level. However, as the probe passed throu^ the wake 
boundaries, even though the total current was below the instrument sensitivity, 
as expected, the modulation amplitude was well above the noise level. While 
this does not constitute a direct observation of oscillations, the authors state 
that the behavior can be explained by the existence of ion plasma oscillations 
occurring within the steep density gradients at the wake boundary. The plasma 
frequency was within the band pass of the 3, 2 kHz filter and would, therefore, 
have created the observed modulation current. 

This e}q)lanation is supported by the fact that the effect was very 
repeatable and only occurred at the location of the wake boundaries. It should 
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also be pointed out that oscillations of this type, occurring in a region of highly 
disturbed plasma flow, are not unexpected from the theoretical point of view 
[27,32]. Their existence could also help explain the electron temperature 
enhancements, discussed above, which were observed in the same region. 
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TABLE D-1. SOME DETAILS ON THE ARIEL 1, EXPLORER 31, 
AND GEMINI-AGENA 10 SPACECRAFT, AFTER SAMIR (891 


ITEM 

ARIEL 1 

explorer 31 

QEMINLAGENA 10 SYSTEM 

DATE OF LAUNCH 

APRIL 1962 

NOVEMBER 1965 

JULY ISM 

APOGEE (km) 

1200 

3000 

1400 

PERIGEE (km) 

400 

soo 

300* 

INCLINATION H 
SATELLITE 

54 

80 

29 

DIAMETER (cm) 

%60 

s»70 

SEE FIGURE D-1(c) 

EXPERIMENTAL 

RETARDING POTENTIAL 

RETARDING POTENTIAL (i) 

MULTIGRID COLLECTORS, 

TECHNIQUE/METHOD 

ORUYVESTEYN-MODULATION 
FIRST AND SECOND 
DERIVATIVES. 

LANGMUIR (ii) DRUYVESTEYN 
RPA (MULTIGRID) 

RPA LANGMUIR 

mOBE LOCATION 

ON SATELLITE SURFACE AND 
TWO BOOMS OF DIFFERENT 
LENGTH 

ON SATELLITE SURFACE AND 
ON A BOOM (ONE PROBE) 

ON THE SURFACE OF THE 
AGENA 

MEASURED 

QUANTITIES 

n^;n^;T^;T^;0,;M^ 

VV 



SUFFIXES (•) AND (+1 REFER TO ELECTRONS AND IONS RESPECTIVELY: 
n - NUMBER DENSITY (CONCENTRATIONI; 

T > TEMPERATURE; 

- IONIC MASS; 

« - SATELLITE POTENTIAL. 

■' THE DATA PRESENTED IN THIS PAPER WAS TAKEN AT AN ALTITUDE OF ^400 km. 


TABLE D-2. PARAMETERS FOR FIGURE D-7 


SYkiBOL 

X 

+ 

A 

PASS NO. 

393 

482 

683 

"d 

20.3 

(7.8) 

18.9 

(9.5) 

66.6 

(43) 

S 

4.8 

(3.6) 

3.9 

(3.7) 

5.9 

(5.6) 


-4,6 

(-5.5) 

-3.2 

(-3.9) 

-3.6 

(-5.1) 


1.1 1 

1.06 1 

1.23 

ALT. RANGE 

685- 
786 km 

592- 
909 km 

519- 
567 km 


NOTE: UNBRACKETEO VALUES FOR IONS. 
BRACKETED ARE FOR ELECTRONS. 


TABLE D-3. PARAMETERS FOR FIGURE D-9, AFTER (80 J 



(FRONT) 

(°K) 

(FRONT) 

(CBl'®) 

(M.1 

(t.m.u.) 


S 

"d 

• 

1740 

1.2 X 10^ 

12 

>8.4 

6 

15 

b 

1950 

1.1 X 10’ 

1 

7.2 

1.1 

4.3 
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Figure D-1. Spacecralt geometry, dimensions, and instrument locations* 
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Figure D-2, Variation of electron current with angle of attacl:. 
Ariel I data from days 116, 117, 118, and 120 in 1962. (Note: 
Ram direction = 180* in this figure.) After Samir [89]. 



Figure D-3. Normalized electron current, ^ function of angle of 

attr.ck between the probe normal and the flow direction, 6 , for (a) 
probe in the wake created by the spherical ion probe, and 
(b) probe in the wake created by the main body of the 
satellite, after Henderson and Samir [36], 
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Figure D-4. Variation of electron current, collected with the probe at 

space potential, as a function of angle of attack. Explorer 31 data 
obtained with the surface mounted planar Langmuir 
prcbe, after Samir and Wrenn [37], 
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\ iguro D-5, Vai'iation of .*1 = (lAakc) (front) with average ionic 

mass, tnt 1 , over the altitude range fi20 to 1020 km; 

i av 

data from Explorer 31, after Samir [SJ'j. 
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0 = Angle of QttocK (deg) 

Fipure D-6, Variation of normalized ion density \\ith an^e of attack. 
Measurements of m obtained from spherical ion probe; n^, 

from die boom-mounted Langmuir probe on Ariel I, 
after Samir and Willmore [391 . 
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Figure D-7. Variation of normalized current, 1.(0) /L(^0) (solid lines) , 

and normalized electron current ( dashed lines) as functions of angle 
of attack, 0, over the altitude ranges, 700 to 930 km (pass 393) ; 
900 to 600 km (pass 482) ; and 570 to 520 km (pass 683) ; 
Explorer 31 data, after Ssimir, et al. [86], 
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Figure D-8. Ion and electron currents collected during the Gemini-Agena 10 
maneuvers, (a) Normalized currents (ambient current only approxi- 
mated) as a function of the separation distance, and (b) currents 
collected during the Agena yaw maneuver, after Troy, et al. [43] . 
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ELECTRON TEMPERATURE PK) 



Figure D-9, Variation of T with angle of attack for (a) an 0^-plasma and 
+ ® 

(b) an H -plasma for conditions shown in Table D-3, 
after Samir andWrenn [80], 
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Figure D-10. Variation of electron temperature in the frontal region 
(open circles) and wake region (closed circles) as a function of 
altitude, after Samir and Wrenn [ 80] . 
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(dl at 2400 km altitude with Im.] =4.4; all 
' ' 1 av 

cases in sunlight except (a); after Troy, et al. [42J. 





APPENDIX E. A CRITICAL RE\1EW OF THE RESULTS FROM 
PREVIOUS EXPERIMENTAL INVESTIGATIONS 

The following review of other experimental work will be made in order 
of research groups. This will permit a grouping of all results produced in the 
same experimental facility and, therefore, subject to the same limitations. In 
addition, the investigations are divided into those involving only electrostatic 
forces and those which include a magnetic field within the plasma. This 
division is a natural one in view of the different scaling laws (discussed in 
Chapter HI) and the facilities required. 

For a more detailed discussion of diagnostic techniques, the reader is 
referred to Appendix F. A discussion of experimental requirements and 
facilities is given in Chapter HI. 

1. The Electrostatic Interaction (No B-Field) 

a. Convair ( 1961) . One of the first experimental studies of the inter- 
action of a streaming plasma with conducting bodies was reported by Meckel 
[44), A drifting plasma was created by a pool -type mercury arc discharge 
from which ions were extracted and accelerated into a drift tube by a biased 
mesh grid exposed to the discharge plasma on one side. The space charge was 
neutralized by electrons produced by an emissive electrode emersed in the ion 
stream near the acceleration grid. The drift chamber in which experiments 
were conducted was a 4. 5 cm diameter by 15 cm long cylinder. The ion stream 
was reasonably parallel; however, background pressure ranged from 5 to 10"* 
torr. Charged particle densities ranged up to 2 x lo'^ cm“*. As shown in 
Table E-1, the electron temperature was not measured; therefore, it is not 
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possible to determine the simulation parameters for this set of eiqperiments. 
The results of this study are therefore of limited, very qualitative value. 

^ .le experiments conducted include the observation of current collected 
by a thin disk, positioned in the flow, as a function of angle of attack (Figure 
E-1) , An enhancement of the current collected by the disk occurred when the 
disk was oriented parallel to the flow. This is apparently similar to the end 
effect noted in later publications for cylindrical Langmuir probes [511. 
Although not explained in this work, this effect occurs as a result of two inde- 
pendent mechanisms for current collection; i. e. , the direct impact of free- 
stream ions and the impact of ions deflected by electric fields in the plasma 
sheath. When the disk is normal to the flow (0 = 90®) , only the ions physically 
swept up in the geometric cross-section of the disk are collected. Those 
deflected by the sheath pass into the wake and are not collected. As the angle 
of attack is decreased, the cross-sectional area of the disk, and hence the 
magnitude of the current collected by direct impact, decreases. The total 
current therefore decreases until d approaches zero (parallel to the flow) , 
when the ions deflected by the sheath begin to be collected by the portion of the 
disk extending into the wake. This effect increases the current and is maxi- 
mized when the disk is parallel. If the disk is small compared to the sheath 
size, < Xp, then the deflected ion current will be greater than the direct 
impact ion current. Since no temperature measurements were provided, no 
assessment of the relative size of the body in these experiments can be made. 
However, the above explanation, which has been subsequently verified [51J, 
together with the data would indicate that < 1. 

A second experiment consisted of total current measurements by an 
electrostatic probe in the wake of a cylinder. These measurements show a 
central ion void region which is occupied by electrons. The void is flanked by 
regions of ion current enhancement which are, in turn, flanked by regions of 
slight ion current rarefaction. These observations are in qualitative agree- 
ment with the theoretical description by Rand (4) (Appei iix B). However, no 
quantitative assessment can be made, since R^, 4>, and S cannot be 
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determined. The measurements were repeated for = -4, 0, and +5 volts. 
The negative bias created a current peak in the center of the wake approxi- 
mately equal to the ambient current density. The zero and 5-volt bias cases 
show only a void of ion current. This su^ests a focusing of ions into the wake 
axis by the electric fields created in the sheath around the cylinder, which is 
bom out by the work of other experimenters described below. 

b. RARDE, Halstead. G. B. (1964) . Experiments in which the flows 

past satellites and rocket plumes were simulated have been reported by Cox 

[451. The experiments were carried out in an arc-generated (or discharge) 

plasma. The spacecraft-space plasma interaction is considered to be divisible 

into several regions as shown in Figure E-2. The parameters for these 

experiments, shown in Table E-1, indicate that they were conducted in region 

1 (i.e. , R > X and X..), whereas all other studies discussed are carried out 
' o nn u' 

in the region where R « X.. and X and R,«l to R , 1. Of particular 

o 11 nn d d 

interest is the observation of enhanced charged particle density associated with 
a neutral bow shock. The increase of n^ associated with the shock produces 
an increase in n. by collisional coitpling. A corresponding increase in n 

X G 

then occurs as a result oi the space charge set up by the ions. 

It should be noted that since R > X and X.., the charged particles 

o nn 11 

(ions and electrons) can be expected to be Maxwellian in this case. 

The observations include electron current along the axis ahead of a 
disk and a spherical body and transverse profiles at three positions down- 
stream from the sphere. The frontal axial profiles are proportional to n^ and 
show a slight enhancement in the shock region. The transverse profiles in the 
rear show a depletion of n^ (~75%) at the nearest position (Z/R^ < 2). At 
the next position (Z/R^ - 2) , the void region was found to have partially filled 
and an electron density peak (below ambient) occurred at the center. At the 
third position (Z/R^ ^ 5) the peak does not occur and the depletion in the 'vake 
is only slightly below ambient and has increased in width (Figure E-3). 

c. TRW - STL (1964). These studies, reported by Hall, Kemp, and 
Sellen [46], were conducted in a large plasma wind tunnel which used a contact 
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ionization. Cesium ion accelerator with subsequent emissive electrode neutra- 
lization to create a drifting plasma stream. This facility is similar to the 
Marshall Space Flight Center (MSFC) No. 1 facility used for the present inves- 
tigation. The ion stream, 2, 5 cm in diameter at the source, was accelerated 
through a 90-volt potential drop into a 1. 2 m diameter by 2. 4 m long cylin- 
drical vacuum chamber. Stream divergence was determined to be 3 to 4® and 
the ratio of slow (charge exchange) ions to fast (stream) ions should have been 
negligible since chamber pressure was held at 2 x 10“® torr during operation. 

Experimental measurements were made of the space potential in the 
vicinity of a 0. 94 cm radius sphere in a 7. 7 km/ sec ion stream. Measure- 
ments were made in the frontal, side, and rear regions with a variety of 
potentials applied to the sphere, ranging from -5 to -100 volts. Ambient ion 
density for these experiments was 1. 3 x 10® cm~^. These data show that at 
the sides of the sphere, the dimension of the sheath was slightly greater than 
in the frontal region for all potentials. The sheath was found to be elongated 
toward the downstream side for small negative potentials on the sphere, while 
for large negative potentials, the sheath became thin in the rear, creating an 
oval configuration with the major axis aligned normal to the flow. 

The second type of experiment conducted consisted of ion current 

density measurements downstream from a sphere with a 2.54 cm radius. For 

these measurements, the plasma stream characteristics were = 11 km/s 

and n. = (0.32 or 5) x 10“® cm~* while the bias on the sphere was varied from 

0 to -307 volts. Data were taken downstream at Z/R =4 and 7. These data 

o 

show the first experimental evidence for focusing of the ion trajectories into 
the wake axis by the electric fields in the plasma sheath (Figure E-4) . This 
result is qualitatively similar to the theoretical results of Davis and Harris 
[11], Taylor [20], and Call [12], Unfortunately, no temperature measure- 
ments are given so that the simulation parameters R , S, and 4>, , discussed in 

d b 

Chapter ni.C. 1, cannot be obtained, and hence, no direct comparison with 
theory can be made. 
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Finally, the effect of plasma screening on the electric fields within the 
sheath was investigated by measuring the charge deposition rate on a button 
collector mounted on the equator of the sphere. 

This technique is based on the fact that in tlie absence of the plasma 
stream, the field at the surface of the sphere is given by 
0^ is the potential on tlie sphere. From Gauss' law, the total charge on the 
button is Q, = e E A , where A is the botton collector area. With the sphere 
emersed in the plasma stream, the charge on the button will be , 

Then, 
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The enhancement of the field, y = E,/E , is therefore given by 

1 0 


= 1 + 
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The plasma stream was pulsed so that i = AQ/At , The results of these 
measurements are shown in Figure E-5, The knee which occurs at n. ~ 10^ 
cm”® was not explained. 

The butte ''»'obe was also used to determine the ion flux to the sphere 
as a function of angle of attack; i.e,, jj(r = R^, 0 = 90®, 0), From these 
measurements, it was determined that; 

(1) j. (R , 90, 0) = 0 for 90® < 0 < 180® and 0. < 0 , 

10 D S 

(2) j(R,0) increases over the range 90® s0 < 180 as 0j^ becomes 

more negative, j (R ,0) occurs at 0= 180®, 

•'i' 0 'max 

(3) For n. ^ 10^ cm"», j^(R^,180) > j.(Ro»0) for “150 V, 

(4) As n. decreases, j.(R^,180), becomes minimized for a, 3 
10® cm"®. 

Unfortunately, no data are presented in the publication to substantiate the above 
statements and, again, no simulation parameters are available. 
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d, RARDE, Halstead. G, B« (1965) . The second plasma wind tuimel 
built at RARDE consists of an electron bombardment ion souce which uses 
argon as the working gas and is neutralized by electrons from an emissive 
electrode emersed in the ion stream. The general characteristics of the 
plasma stream generated by this device are shown in Table E-‘ . The experi- 
ments conducted in this facility are reported by Clayden and Hurdle [47] and 
include measurements of total ion flux collected by conical bodies and measure- 
ments of normalized ion current density in the wakes of a 15® cone and a 
sphere. The total current measurements are not of interest except to note that 
for a given body, it is reported that preserving the ratio e0. /— m.V ^ = $. /S* 

b 2 1 O D 

reduces current versus potential profiles, obtained with various values of S 

ft 

and E, to a single curve. Therefore, is an important scaling parameter 

for total ion flux to a body. 

The wakes of the cone and sphere were studied for a number of different 

values of body potential and positions downstream. Ion current was measured 

by a small (1 mm diameter) spherical electrostatic probe with a slightly 

negative bias. The current density in the wake was normalized to the current 

density measured in the ion stream with the body removed. Data are given for 

-3 < /S^ ^ +0.9 at Z/R = 1, 5, 9, and 19 for both bodies, 

b o 

The wakes behind both bodies are similar, as shown in Figure E-6, 
when a negative potential was applied to either body, a strong enhancement in 
ion flux, several times the ambient value, was observed on the wake axis 
beginning at the body and extending beyond 10 radii downstream. However, no 
current peak was observed when either body was biased positively or allowed 
to float. It was also noted that while the wakes for the two bodies are similar 
for low potentials, when the body is biased at large negative values, the axial 
ion current enhancement in the wake of the sphere is up to 50T greater than 
that of the cone. However, the cone creates a wider disturbance. This is 
probably due to the fact that it extends further upstream from its base than 
does the forward half of the sphere, and hence collects more current from the 
stream. This explanation was confirmed by the total current measurements. 
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These measurements are found to be in reasonable agreement with 
Davis and Harris [ 11] , and with Ihe neutral ion approximation theory developed 
by Alpert, et al. {25j. However, these results must be viewed with caution 
due to the high ratio of slow ions present, the rather short mean-free -path for 
collisions, and the existence of non-uniformities in the ion stream, 

e. USSR -Skvortsov and Nosachev (1968) , The first detailed Russian 
experimental work to be published on this subject was by Skvor sov and 
Nosachev [48,49], Their experiments were conducted using a gas discharge 
ion source operated with argon. The ion stream was accelerated through a 
150-volt drop into a 0, 5 m diameter by 2 m long cylindrical chamber, T‘.e ion 
stream was neutralized in the usual way with an emissive electrode immersed 
in the stream - 

In these studies, stream conditions were monitored with an R,P,A, and 
a Lar^muir probe while current measurements in the wakes of various bodies 
were made with plasma electrostatic probes. Thermal (emissive) probes were 
used to measure the potential distribution. 

In the first set of eiperiments [48], measurements of normalized ion 
current density, j/j^, were made in the wakes of 2 and 6 cm diameter spheres, 
and the space potential was measured downstream from the 2 cm sphere 
(Figure E-7), These data were shown as equal current density and potential 
contours. They show an axial current enhancement ( j/.i^ = !• 8) surrounded by 
a rarefaction cone. This structure was observed when »e spheres were at 
floating potential as well as negatively biased. The cone angle for the maxi- 
mum rarefaction in the wake is in agreement with that predicted jy Alpert, 
et al. [25] for the case when the body is at floating potential. The plot of 
space potential revealed a positive potential barrier at the location of the axial 
ion current density peak, and regions of negative space potential corresponding 
to the regions of reduced ion current density. Hence, the spatial distributions 
of ion current density and space potential are correlated. The locations of 

both $ and j/j peaks tend to move toward the body and their amplitude 
s o 

increases as ^ becomes more negative. 
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In the second set of experiments, the effect of various parameters on 
the wake structure of 1, 2, and 4 cm diameter spheres, 30° and 60° cones with 
1 cm base diameters, and a 1 cm diameter by 0.05 cm thick disk was inves- 
tigated. Measurements of normalized current, j/j , in the wakes of 1 and 2 

o 

cm diameter spheres, where the parameters S, R ., and were preserved 

c b 

(Figure E-8), are in good agreement, as expected. The range of parameters, 

however, is insufficient to establish this result in general. In fact, it is 

a.w.<^.cwiedged that although the neaiv and far -wake zone seem to be reproduced 

very well, there is some uncertainty concerning the mid-wake region. 

It has been suggested that in order to obtain similar flow fields it is 

only necessary to preserve the ratio etp^/^my rather than and 

b 2 1 o b b 

S separately. However, when j/j^ measurements were made downstream 

from the 2 cm diai. 'ter sjAiere while holding constant, it was 

found that for 0 ~ <P a change in from 1 to 3. 5 eV produced marked 

changes in the wake structure. At Z/R = 6, R = 8, and o. =-6. 5 V, no axial 

o d b 

ion current enhancement was observed for T = 1 eV but a very distinct peak 

appeared when T = 3. 1 eV (Figure E-9). For these cases, (e^. /— m.V 

remained constant; however, for T = 1 eV, S = 11, and = -6. 5 while for 

e b 

T = 3. 1 eV, S = 6.6, and $ , ~ -2. 1. It is apparent then that for these con- 
o b 

ditions and S must be maintained independently. At large negative values 
of changes in become unimportant and preservation of the combined 
parameter ^ ^/'S^ would be sufficient. 

f. California Institute of Technology ( 1969) . The facility at Cal -Tech 
consists of an electron bombardment ion source which operates with argon gas. 
The ions were extracted through single grid of either 2. 54 or 30 cm diameter 
and neutralized by an emissive electrode. The experim its were conducted in 
a 0. 5 m diameter by 1 m long chamber. The general characteristics of this 
facility are shown in Table E-1. 

The experiments performed in this facility are reported by Sajben and 
Blumenthal [50|, Two rough theories are developed to help describe their 
results, both of which are of interest. 
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A theory is developed to predict the density of the slow, charge exchange 
ions in the plasma stream, A lower limit is established by considering only 
hard sphere type collisions. An upper limit is established by assuming all 
collisions to result in charge exchange while no momentum transfer occurs. 

This upper limit is given by 
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where 

r = plasma stream radius 
s 

slow ion density 

n^ stream ion density 

Q = charge exchange cross-section 
c 

\ rz charge exchange mean-free -path length, 
c 

The experimental results were found to fall between the predicted max and min 
values. 

In addition to obvious effects such as neutralizing the space charge in 
the void region behind bodies, the slow ions, which have no preferred direc- 
tion, wore shown to affect plasma wave propagation; i.e.. 


C = 




T 1 ‘4 


T /3+ (T /T ) T 
L e sc' e j 



where ^ C - propagation speed. The effect of /? > 0 is 

to decrease C and therefore the speed ratio, S, will increase. 


A second, very nadimentary theory was developed to predict the cross- 
ing point of deflected ion streams on the wake axis. It is assiuned that the 
electric field at the largest diameter of the body is dominant to the extent that 
the field associated with all other regions of the body can be neglected. At the 
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largest diameter, the field is assumed to be uniform over some finite band of 
length L in the Z direction, and to fall off as ejq>[-(r-R)/Ajj] in the r- 
direction. The basic geometry is shown in Figure E-10. The crossing point, 
Z^, is given by: 


Z /R 
o o 


^ (Y tan Y /2) 


where 


Y = 



m.V ^ 
1 o 




exp[-R^/2Ajj J 


and 


Y 

o 


^ [2e<l>./m V 


cos (Y^/2) . 


In order to test the basic assumption in this theory (that only the poten- 
tial on the band of width L is important) a sphere was constructed with a band 
around its equator which could be biased independent of the remaining two 

hemispheres. Figure E-lO shows axial current density profiles taken behind 
this segmented sphere with the entire sphere biased (o = 0.61), the entire 

sphere floating, and with only the band biased and the remaining two hemospheres 
floating (o = 0. 52). Although the general morphology of the axial profile is 
unchanged, the biasing of the whole sphere resulted in the peak moving upstream. 
Therefore, it seems obvious that biasing the remaining two hemispheres, while 
possibly less important than the biasing band (no data were given for biasing the 
hemisphere and not the band), does significantly affect the crossing point loca- 
tion. Therefore, this theory will provide only a rough approximation of the 
crossing point location. 

g. Massachusetts Institute of Technology (1969-70) , The facility at 
MIT, as reported by Hester and Sonin [34, 51-53) , uses an electron bombard- 
ment ion source which operates on argon gas. The ion beam was accelerated 
into a 0,5 m diameter by 1,2 m long cylindrical chamber and neutralized by 



electrons emitted from a hot filament in the stream. The general character- 
istics of this facility are given in Table E-1. 

Hester and Sonin studied, in detail, the wake structures formed by 

small cylindrical bodies with 5 • 10 “* s R , < 40, spheres with 1,8 < R s 

d d 

46, and a flat strip with R , 40 [51], In these investigations, the speed 

d 

ratio, S, and normalized body potential, 4> , were also varied. In addition, 

b 

some analysis was made of the temperature of the ions and existence of slow, 
charge exchange ions. 

The transverse ion temperature was considered to result from a finite 
(20 cm) accelerator diameter which did not produce a source like flow. 

Making the assumption that ions emitted from any point on the accelerator grid 
are equally likely to arrive at some point in the chamber, the distribution 
function was determined to be; 

Vx(Z) 

V 

max 

where 

f^(v) dv = fraction of ions at point Z with between Vj^ and Vj^ + dVj^, 

Then 





c - mean tlicrmal speed 

V = drift velocity of the stream 
o 

R - source (accelerator and) diameter, 
s 

Hester and Sonin used c to characterize the transverse ion motion when it was 
considered. 

The slow ion population was measured by a shielded collector disk 
oriented pcrpendiculai' to the stream. The slow* ion current to the collector is 


228 



y 

I = en (kT /m.) , where I and n are the slow ion current and number 

s s e i' s s 

density, respectively, and A is the disk area. 

Considering the wake structure behind the small diameter but very long 
cylinders « 1 with ", the following observations are reported [34): 


(1) No ion void region was observed immediately behind the body. 

Since tiie number of ions swept out by impact on the cylinder is very 

small compared with those deflected by the electric fields in the plasma sheatli, 
which extends many radii out from the cylinder. 

(2) The deflected ions form a region of ion flux enhancement when they 

cross the wake axis, as discussed previously. However, in addition to this 

initial peak, observed by previous experimenters, several other peaks 

occurred farther downstream at regular intervals of a,’ ./V (cr . = ion plasma 

pi o pi 

frequency). This observation is shown clearly in Figure E-11. The first of 
these ion flux peaks is clearly the result of the deflection of ion streams from 
both sides of the cylinder and their subsequent addition when they intersect at 
the wake axis. It is not at all clear how the remaining current peaks are 
created from a physical point of view, although axial ion current oscillations 
were predicted to occur at the ion plasma frequency, ^’p|» th® theory 
developed by Rand [4]. The observation on the ion flux peaks at intervals of 

is therefore in agreement with this prediction. 

(3) The deflection of ions across the wake by the sheath fields create 
an ion rarefaction region on each side of the cylinder which propagates out 
from the wake axis at the ion acoustic speed, forming a Mach angle with the 
flow direction; i.e. , 0 = sin”*(l/S). This is also in agreement with the 
theoretical predictions by Rand [4). 

(4) A wave-like structure is observed to originate at the axial ion flux 
peaks and propagate out from the wake axis. The term ’’wave like” is used 
because these disturbances do not propagate at the ion acoustic speed. At highly 
negative values of ^ the disturbance originating at the first ion flux peak is 
clearly a pseudo wave, created by streams of ions which arc deflected toward 
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the wake at tlie sheath on each side of the cylinder, pass through the ion flux 

enhancement at the wake axis, and continue on, traveling away from the wake 

axis and into the undisturbed flow. This interpretation is verified by the fact 

that the angle formed by these disturbances is equal to the maximum deflection 

angle for ions in the sheath surrounding the body (Figtire E-12), At small 

negative values of $ , the angle formed by the disturbances still depends on $ , 
b b 

but is not equal to the maximum deflection angle, thereby indicating some 

interaction between the ion streams at the axial ion flux peak. 

The nature of the disturbances originating at the remaining ion flux 

peaks is not understood. Their propagation speed depends on both $ and 

b 

Therefore, they are not collective plasma phenomena such as ion 
acoustic waves. However, neither can they be explained by the deflection of 
ion streams at the body, as was the first set of disturbances. With the excep- 
tion that an ion void £q>peared in the near wake, applying a small positive 
potential to the cylindrical bodies resulted in a far-wake structure very 
similar to that shown in Figure E-11 for negative biases. 

Concerning the experiments performed with intermediate sized bodies 
(R^/Aj^ > 1) , the following observations were made [ 52, 53] . 

First, for a cylinder with R. = 1.6, a void was observed immediately 

d 

behind the body and repopulation was dominated by the deflection of ions by the 
sheath fields. Streams of ions deflected through the wake intersected at the 
wake axis, formed an ion current peak, and continued on into the undisturbed 
flow field, thereby creating pseudo waves; i.e. , a stream of ions traveling 
through the ambient medium which give the appearance of a wa/e. The 
behavior of the deflected ion streams is similar to that for very small 
cylinders discussed above and qualitatively similar to theoretical predictions 
by Taylor [20] and Call [12], However, in this case, the additional ion flux 


peaks which occurred periodically in the wake of small cylinders are hardly 

perceptible. The wakes of spheres for which 1. 8 < R <7 show that an ion 

d 

void forms immediately behind the body and the deflection of ions in the sheath 


occurs as for cylindrical bodies [Figure E-13(a)]. However, the amplitude 


230 



of the axial ion current enhancement formed by the deflected ion streams is 
extraordinarily high due to the axial symmetry of the body (ions are focused 
to a point rather than to a line as with the cylinder) , The peak divides to form 
a cone of enhancement as in the case of the cylinder. Also evident is an ion 
rarefaction wave which propagates out from the wake axis at the ion acoustic 
speed. This behavior is in agreement with the theory for a sjdierical body 
developed by Maslennikov and Sigov [ 17, 18, 19]. When a strong negative bias 
is placed on the sphere, a second cone of enhancement emerges from the peak 
and travels away from the axis at a greater speed (Figure E-13(b) ]. This 
appears to be a pseudo wave created by deflected ions as described previously. 
The main peak splitting, occurring farther downstream, is thought to result 
from the deflection of ions by the positive space charge associated with the 
very large ion current peak. The ions reaching the wake axis farther down- 
stream have been deflected less at the sheath and therefore possess a smaller 
component of velocity normal to the axis. At the point where 1/2 
the ions will be deflected away from the axis and the peak will appear to split. 
Although plaLSible, this explanation cannot be confirmed by the data. Note that 
while the wave like disturbance divi 9S off axis, no oscillatory behavior on the 
axis was observed as for small cylinders. 

Concerning very large bodies » 1) > was found that the wake 

formed by a cylinder with = 39 has no axial structure for 0 (floatii^) 

but does possess a small axial ion flux peak (much lower than the ambient 
flux level) when [51,53]. However, a small ion flux peak occurred in the 

wake of a large sphere (R^ = 46) with only a small negative bias of -3. 5 
(Figure E-14) . The effect of a simulated ion temperature (the motion of the 
ions was not Maxwellian) is also included in these data, as indicated. 

This work points out a fundamental difference between the wakes 
created by cylindrical and spherical bodies. The wakes of cylinders are 
dominated by deflected ions which pass through the axial current peak and 
form pseudo waves. However, the wakes of spheres, while filled primarily 
by deflected ions (identically to the cylinder wakes) form axial current 
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enhancements which are too strong for the ion streams to pass through 
unaffected. Therefore, the far -wake structure of spheres is considerably 
different. It is also noted that while the axial ioncurrentoscillations in the wake 
of the cylincter decay rs^idly, the wave-like structure that propagates out from 
these oscillations is damped very little. This is also true of the diverging 
structure downstream from spherical bodies (Figures E-13 and E-ll(c) J. 

h. ESTEC - Netherlands ( 1970) . The ESTEC facility consists of an 
electron bombardment ion source which operates with argon gas and is neutral- 
ized by electron emissions from a hot filament immersed in the ion stream. 

The stream is approximately 1. 6 cm in diameter at the plasma source and 
diverges to 10° to 13° as it is injected into a 0.5 m diameter by 1.7 m long 
cylindrical chamber. 

Experiments conducted in this facility, involving the wake structure 
downstream from a thin disk and a long cylindrical body, oriented perpendicu- 
lar to the flow, are reported by Knott and Pedersen (54]. The approximate 
conditions for these experiments are given in Table E-1. Unfortunately, con- 
ditions were not measured for each experimental run so that it must be 
assumed that they remained relatively constant from one run to the next. It 
should also be pointed out that no temperature measurements were made so 
that the simulation parameters cannot be evaluated. The results of these 
experiments must, therefore, be considered in a very qualitative light. 

In the two experiments, the wakes created by a disk (R^ =2.5 cm) and 
a cylinder (R^ = 3 cm) were studied with various potentials applied to the 
bodies ranging between 0 and -100 volts. Measurements were made for beam 
energies (ion drift velocities) of 40 and 80 eV for the disk at Z/R^ =1.6 and 
beam energies of 40, 60, and 80 eV for the cylinder at Z/R^ = 2, where Z is 
measured from the center of the bodies. 

The main findings of these studies were: (1) The axial ion current 
enhancement is maximized when the potential applied to the body corresponds 
to the kinetic energy of the plasma stream ions (1/2 ™,u^^ = e^j^)» which is 
shown in Figure E-15. This is in qualitative agreement with the implications 
of the Maslennikov and Sigov theory [ 17-19] , and (2) it was determined that 
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the maximizing of the axial ion current density peak when the potential on the 
body is equal to the kinetic energy of the ions is most pronounced when 
measured at Z/R^ = 2 (no data were shown to verify this observation). 

i. ONERA (1972, 1973, 1974. 1975. and 1977K The facility at ONERA 
is described in detail by Fournier and Pigache [55]. This facility uses argon 
gas in an electron bombardment ion source. The ion stream is neutralized by 
electrons emitted from a hot filainent within the ion stream. The beam is 
accelerated into a cylindrical chamber 3 m in diameter by 5 m long. The 
general characteristics of this facility are shown in Table E-1. 

A number of publications have resulted from the work carried out at 
this facility. Most of the data important to plasma flow interactions is pre- 
sented in one paper by Fournier and Pigache [58]. The most important 
difference between this work and previous studies is an extensive effort to 
simulate and diagnose a proper scaling of the random ion motion. This was 
accomplished by placing a biased wire mesh (1 mm wire spaced at 7. 5 mm) in 
the plasma stream 1.25 m from the source. A very low T. (~700®K) was 
achieved when the grid was allowed to float. With the grid biased at -20 volts, 
the effective ion temperature was determined to be ^ 1900 ®K. It must be 
emphasized, however, that while some transverse motion was induced in the 
formerly parallel ion flow, the motion was not Maxwellian and therefore the 
distribution was not, in fact, characterized by a temperature. The result of 
the experiments must therefore be considered qualitative in nature. 

The first publication [55] described the experimental techniques and 
d; agnostics used to study the behavior of the ion population in the plasma 
stream and shows an example of transverse ion current profiles in the wake of 
a cylinder at Z/R = 7.5. The body potential for these data was -20 volts and 
the plasma condition'^ were characterized by R^ = 10 and S = 16. A small 
peak (much below ambient) occurred on the wake axis for a cold plasma stream 
out was smoothed out when some (simulated) thermal motion was imposed on 
the ions of the plasma stream (T. = 700°K and 1900° K). This result appears to 
be conti adicted by results reported in a later paper [ 58 ] , where extensive 
wake measurements were made for a variety of plasma flow conditions and the 
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axial ion current enhancement was very much in evidence for body potentials of 
only ^ 1 ^ = -3» and grew as the body potential became more negative ( Figure 
E-16, y-axis), 

A 1975 publication by Fournier and Pigache [ 58] deals with an extensive 

investigation of the importance of the ratio. The wakes created by the 

interaction of the synthesized, streaming plasma with conducting spherical 

bodies are studied to determine the effect of varying T /T. from »1 to 

e 1 

for a variety of plasma flow conditions. 

The first set of data is for the conditions, T /T. ~ 100, R = 16, S = 

e i d 

10.7, and $ = -3. The wake structure corroborates the earlier work by 
b 

Hester and Sonin (E. 1. g) in which the wakes behind spheres in a cold plasma 

stream were studied, i.e. , the ion streams deflected by the plasma sheath 

fields cross the wake and form an axial ion currert density enhancement which 

divides further downstream and travels away from the axis forming a conical 

disturbance. The conical disturbance subsequently divides and at the most 

remote measurement downstream, a total of six ion current density peaks 

are observed (Figure E-16, x-axis) . It is noted that the division of the conical 

disturbance into multiple wave packets was not predicted tiieoretically. 

For the case when T /T ~ 10, the resulting wake structure is studied 
e 1 

for S 10, $ = -3 (floating), and R^= 6,5, ~23, and 45 (Figure E-16, 

Zj^-axis). In all three cases, an axial ion current density peak is observed. 

In all cases, the magnitude of this peak is approximately equal to the ambient 

ion current density. For the smaller bodies, R^ = 6.5 and 23, the peak is 

found to divide into a trailing conical disturbance which subsequently divides 

into multiple wa\e packets. The primary difference between these data and 

those discussed above for T /T. ck 100 is that the structure is less distinct; i.e., the 

e 1 

disturbance far downstream is less sharp and of smaller amplitude (Figure 
E-16, x-axis). The large body wake (R^j - 45) does not show the axial ion 
current density peak to divide into a conical disturbance. However, due to the 
limited volume of the e3q>eriment, measurements were made to axial distances 
of only 25 R^. Reference to the above small body data, in which the peak did 
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divide, shows that the division occurred further downstream than this (at 

~40 R for T /T ^ 100 and 40 to 80 R for T /T. = 10). Therefore, the 

absence of this effect cannot be taken as conclusive evidence that it does not 

occur for large bodies. Finally, the case for = 10 and R^= 6. 5 was 

repeated with 4*^ = -100. The effect of the large ion attracting potential on the 

body was to produce an enormous increase in the amplitude of the axial ion 

current density enhancement (~9 j^) (Figure E-16, y-axis). 

The last set of data reported was recorded for the case T /T. ~ 1, 

e 1 

S 5.6,$j^ = -3 (floating) and R^= 1.6, 7, 26, and 45 (Figure E-16, 

Zg-axis) . It is significant that, with the exception of the data for R^ = 7, no 
axial ion current density peak or conical disturbances occurred in these wakes. 

For the R^= 7 case, there is only a slight hint of the axial ion current density 
peak. It is therefore declared that if the plasma ions are sufficiently warm, 
the structure in the wake will be smoothed out, leaving only the initial void 
region which fills in a manner very similar to wakes in neutral gases. 

The data for = 1*6 were obtained behind a cylindrical body and 
compares very well with the theoretical calculations for a cylinder by Fournier [23] . 
The remaining data were obtained in the wakes of spherical bodies and com- 
pare well with theoretical calculations by Jew [83] and Gurevich, et al. [26]. 

Three points should be made about this experiment which limit its 
applicability to the spacecraft -ionospheric interaction. First, as discussed 
previously, the heated ion population did not possess a Maxwellian distribution 
and therefore any temperatures quoted are effective temperatures; i.e,, trans- 
verse motion of the ions was created in the plasma stream, but was not random 
and therefore was improperly characterized by a temperature. Secondly, the 
effective temperatures were actually greater than the electron temperatures by 
20 to 40T , whereas, in the ionosphere, T^ is typically a factor of 2 less than 

T . Therefore, althou^ there is no doubt that the experiment shows that a 
e 

sufficiently warm plasma will destroy the wake structure, it does not establish 
that this would be the case in the Ionosphere. Thirdly, the data appear to show 
a persistence of the wake disturbances created by the wires of the mesh used to 
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generate the lateral ion motion. This Is surprising since It persists for a large 
number of radii a vnstream while the structure of the large test body is 
smoothed. This would seem to Indicate that the randomized motion actually 
consists of a number of streams of Ions, created by deflection at the wires, 
which have propagated undisturbed, downstream. This behavior would be far 
from a Maxwellian distribution. 

In a 1977 publication, Fournier and Pigache present ion current density 

data obtained in the wake of a spherical body for the conditions: R^= 7, = 

floating, S = 8, and T^/T. = 0.7 ( 59] . The data appear identical to those of 

Figure E-16 for the case R , = 6.5, # = -3 (floating), S= 10.54, and T /T. ^ 

d e 1 

xO. It would appear that an error occurs in the quoted conditions of one of the 
data sets. 

Finally, it is observed in both the 1975 and 1977 publications that the 
presence of slow (charge exchange) ions in the chamber tends, primarily, to 
smooth the structure in the plasma wake; i.e. , decrease the amplitude of ion 
current density peaks and the depth of the ion rarefaction regions, 

lUiano and Story have conducted a set of experiments in the ON ERA 
facility in which the effects of the near wake on electron temperature measure- 
ments were studied [ 57 j . The test body for these studies consisted of a con- 
ducting 6 cm diameter sphere which contained a surface -mounted button 
(Langmuir) probe at its equator. The probe had the same radius of curvature 
as the sphere and occupied 60® of solid angle. The experimental conditions were 

n = 2.4 X 10^ to 5 X 10® cm“®, V 10 km/sec. \_ = 0.2 to 1. 1 cm and T = 
i o t) e 

268 to 629®K. The resulting simulation parameters were, therefore, S = 20 

to 30 and R - 3 to 19. 4>, cannot be determined since o. was not given, 
d b b 

The measurements consisted of I - o curves taken with the button 

e "^p 

Langmuir probe as a function of angle of attack (0®= probe in ram direction). 
An example of the data is shown in Figure E-17. The ion current has been 
subtracted, leaving only the net electron current as a function of probe potential 
measured with respect to the space potential of the ambient plasma stream. 

The main findings of this experiment a*e (1) a depletion of electron current 
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(and hence density) in the void region, (2) an apparent enhancement of electron 

temperature if is determined by the slope of in - vs - 0 near the 

plasma potential, and (3) the apparent existence of a negative potential well in 

the void region shown by the fact that the electron current is not a function of 

0 up to a certain potential, but is depleted in the wake region for lower 

retarding potentials. This indicates that, for <p^ more negative than^^, the 

electrons that are able to overcome the retarding potential are also able to 

overcome the potential well and reach the probe regardless of its orientation. 

However, if (j> is less retarding than * , electrons will be collected in the 

p w 

frontal regions which are not sufficiently energetic to penetrate the potential 
well in the rear and will therefore not reach the button when it is rotated into 
the wake. 

The conclusions drawn, while apparently correct, do not apply to the 

enhancement of electron temperature measured in situ for several reasons. 

First, the entire spbore was swept at (although current was collected only 

from the button) , whereas the satellite remained at floating potential while the 

Langmuir probe or RPA grids were swept [84J. On' would therefore e. ^ect 

an entirely difference disturbance to be created in the two cases. Secondly, 

in order to attain an enhancement of T when the button probe was in the wake, 

e 

the slope of the j?nl <t> curve was taken near <i = 0(V = V) where it 
e p p p s' 

was not linear. The in situ temperatures, on the other hand, were determined 

by fitting the entire ini - * curve with a theoretical expression, defining 

e p 

Ip to occur where the curve first became non-linear and calculating T from 

P ® 

the linear portion of the curve. The two measurements are therefore entirely 

different. Further, it can be seen from Figure E-17 that if the same procedure 

were used for the experiment as was used for the in situ measurements, the 

space potential would become a function of 0 and the three curves at 0= 0®, 

90°, and 180° would all yield the same temperature. 

j. The City Univerbity England (1973) . The facility used for the 

experimental work at City University is the RARDE facility used in work 

reported by Clayden and Hurdle in 1965 (Section d.) . The ion source was 
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modified bj replacing the single acceleration mesh by a pair of matching 
(screen and extraction) grids. The electrical circuits were also modified to 
allow the wire mesh, used to line the chamber walls, t > b#» biased independently 
of the accelerator circuit. These two modifications permit effective control of 
the plasma stream divergence, which could be reduced to approximately 1® for 
a 40 eV ion stream. The general characteristics of this facility are given in 
Table E-1. 

The most important finding in this work, reported by Martin and Cox 
[60],is the explicit demonstration of the effects of slow (charge exchange) ions 
and stream divergence on wake structure. Figure E-18 shows four transverse 
profiles of ion current density taken at the same axial position downstream and 
for the same plasma flow conditions with the exception that the residual gas 
pressure and hence s’''w ion number density, is varied. The variation in 
pressure from 7 x 10“^ to 7 10“® torr corresponds to a normalized slow ion 

number density, n^/n^, variation from C. *6 to 0.02, where n^ is the ambient 
plasma stream ion concentration. These data show that (l) the axial ion current 
density peak decreases with decreasing slow ion concentration, (2) the depth 
of the ion void region increases with decreasing slow ion concentration, and 
( 3) the slow ion population apparently has a negligible effect on wake structure 
when the concentration is reduced to 3 % of the icn stream density. The plasma 
conditions for these data are not given. 

A number of transverse profiles of normalized ion current density are 

shown over the range 1.3 < Z/R < 8.13, under the conditions, R , = 3, S = 

o d 

5.4, ard $ = 3.8, with divergence angles of 1“, 10®, and 20®. "^hese data 
b 

show that stream divergence tends to reduce the sharpness of wake structure 
(in particular the axial ion current density peak) , stretch the ion void region 
further downstream, and cause the axial ion current density peak to occur 
further downstrerm. Although ,J1 three of these conclusions seem reasonable, 
the data do not clearly show the last two. 
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2. The Magnetogascfynamic Interac 


(With B-Fieid) 


The current investigation does not involve a magnetized plasma so that 
a detailed review of experimental work in this area is unnecessary. It is 
useful, however, to mention some of the basic differences observed between 
this and the electrodynamic case in order to assess the importance of the 
magnetic field under certain conditions and within certain regions of the dis- 
turbance created by spacecraft in the earth's ionosphere. 

Experimental investigations in which the flowing plasma contains a 
magnetic field have almost all used single-ended Q-machines. This is a dis- 
charge type device in which ions (usually potassium) and electrons are pro- 
duced by a hot tungsten ionizer. The ions are accelerated down a drift tube and 
absorbed by a cold electrode at the opposite end. The plasma, thus created, 
is contained near the center of the drift tube by a strong magnetic field aligned 
with the drift tube axis, and hence parallel to the plasma flow direction. The 
flow velocity, density , and electron and ion temperatures can be controlled by 
the potential and temperature of the anode and the pressure of the working 
vs^x)r 

Experimental work with magnetized plasma streams has been carried 
out at the P. N. Lebedev Physics Institute in the USSR and is reported by 
Bogashchenko, et al. [61] and Astrelin, et al. [62], The main contribution 
of the Bogashchenko, et al. pj^>er is the observation and study of oscillating 
wake structure which is related to the ion cyclotron frequency. Figure E-19 
shows the distribution of normalized ion current density along the axis in the 
wake of a disk. The measurements were made with a small cylindrical electro- 
static probe biased at -2 volts with respect to the plasma. The £q)proximate 
experimental conditions were: R^/A^ ~ 25, S ~ 2, ~ 

10. (The potential on the ’•''dy was not specified . r any particular measure- 
ment but was usually c,i . >rder of -2 volts with respect to plasma potential. ) 
Note that the primary difference in the data of Figure E-19(a) and (b) is the 
magnetic intensity. The locations of the relative maximums and minimums of 
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the normalized current density shown are replotted against the parameter 
(Za’^y27rV^) in Figure E-20. This shows that the ion flux depletions and 
enhancements occur in a regular oscillatory manner and that the frequency of 
these oscillations is approximately the ion cyclotron frequency, 

This behavior is e?q)lained by the fact that under the influence of the 
magnetic field, the ions undergo a helical motion with radius of curvature 
^L(i) frequency In the reference frame of the plasma, at time t= 0, 

the motion of the disk removes the ions within of the Z-axis, creating a 
cylindrical hole in the plasma. The ions which were located at distances 
greater than off the Z-axis at the time the disk passed then spiraled in and 
filled the void region. However, these ions are not free to remain at this 
location and when they spiral back out of the wake, the cylindrical hole 
reappears. The hole thus oscillates at the cyclotron frequency of the ions, 
a' It is then easy to see that in the reference frame moving with the body, 
the ion current density will have a cyclic behavior along the Z-axis with rela- 
tive maxima occurring at regular intervals of (27rV^/o.'^P 

In the Astrelin, et al. paper, this effect is studied further. The data 
shown in Figure E-2l(a) and (b) indicate that the amplitude of the axial ion 
current density maxima are inversely proportional to the magnetic field 
intensity parallel to the flow direction, H^, and the body radius, R^, respec- 
tively. This occurs since the cyclotron radius of an ion must be greater than 

half the body radius in order for the ion to reach the wake axis; i.e., 2R . .. 

L( 1) 

> R . Since R, , = m.V, C/eH, for fixed H, 2R, > R implies that ions 

o L(i) 1 i L(i) o 

with a normal component of velocity less than some critical (cut-off) value 

will not reach the wake axis. As R increases, so must R_ , .. and hence the 

cut-off velocity, which leaves fewer ions with sufficient energy to reach axis 

and create a current density peak. Since R, , is inversely proportional to H, 

L(i) 

an increase in H will decrease R^ , .v , for a given velocity, and hence will also 

L(i) 

decrej .e the number of ions reaching the axis. Although not shown by the data, 
it is obvious that the number of ions able to reach the wake axis will increase 
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with the component of random velocity normal to the magnetic field lines of 
force, V . This in turn, is proportional to T.^^. 

If this interpretation is correct, it should be possible to normalize the 

axial ion current peak amplitudes (i.e. , reduce all curves for various values 

of R and H to a single curve) by preserving the dimensionless ratio 
o 

R /R, , .. . This is indeed found to be the case as shown in Figure E-21(c) . 
o L(i) o V / 

Additional work has been carried out in this area by a number of 
research groups, including Waldes and Marshall at Columbia University [63], 
who present a model which accounts for experimental ion stream nonuniformi- 
ties, and J. P. M. Schmitt [64] (Ecole Pol 3 dechnique, Paris, France), who 
studied the effect of collisions, the parallel ion temperature, and plasma wave 
coupling on the axial oscillation amplitude and frequency. (An interesting 
finding by Schmitt is that the length of the test body in the flow direction is 
important since a thick body was found to absorb all ions deflected by the 
sheath and thus eliminate the complex electrostatic wake structure. This is 
contrary to the theoretical results of Taylor and Call in Chapter I. A. ) 

The experiments by Bogashchenko, et al. [61] and Astrelin, et al. 

[62], although not conducted under similitude conditions for the ionosphere, 
do establish the dimensionless parameters which govern the position and 
amplitude of the axial ion current oscillations which can occur in the preserve 
of a magnetic field parallel to the flow direction. We can therefore scale these 
parameters to determine where and to what extent this process might be 
expected to occur in the wakes of bodies in earth orbit. This comparison is 
given in Table E-2. 

The parameter shows that even though the first axial ion 

density peak occurs relatively close to the body in the laboratory as a result 
of the strong magnetic field, in the ionosphere where the field is much weaker, 
the first peak occurs much farther downstream. Figure E-20 shows that the 
first peak occurs at Z/(27rV^/o.’^p = 1/2. Therefore, in the ionosphere, the 
first peak can be expected to occur ~ 100 m downstream from the body. 
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The second parameter, proportional to the amplitude of 

the ion current density oscillations. Therefore, the values given in Table E-2 
indicate that the amplitudes observed in the labors^ y experiments are 14 to 
24 times greater than the amplitudes to be expected in the ionosphere. 

We therefore arrive at the conclusion that the effects of a parallel mag- 
netic field associated with the ambient plasma will produce relatively small 
perturbations at large distances from the spacecraft in the ionosphere. It 
therefore seems reasonable to neglect this effect in the remainder of the 
current investigation where we are primarily concerned with simulating plasma 
disturbances in the vicinity of spacecraft and diagnostic instruments in earth 


orbit. 


242 



TABLE E-1. EXPERIMENTAL CONDITIONS 























































































TABLE E-2. SCALE FACTORS FOR THE 
MAGNETOGASDYNAMIC INTERACTION 


Parameter 

Value 

Ionosphere (400 km) 

Laboratory [61,62] 

27tV /ce . Icm] 
O Cl 

R /R^/.x 
o L(i) 

2x 10* 

0-2 (R^ ~ 10^ cm) 

3.4 - 4.4 
2.8 — 4.8 



Figure E-1. Potential of a flat plate as a function of the angle between 
the plate and the plasma flow direction, after Meckel 144|. 
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Figure E-2. Transition regions of the ionosphere, after Cox [451. 



Figure F-3. Langmuir probe current in the wake of a conducting 
sphere for a collision dominated plasma, after Cox [451. 
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CUfIPENT DENSITY (OPOINATE x 1.3 X 10'^ • AMP/CM^) 


rtfStlS 

OF POOR Q^AUirr 





(cl 


Figure E-4. Ion current density profiles downstream from a conducting 
sphere for several body potentials for a 90 eV ion stream; V = 

11 km/sec, n. = 2. 1 x lOVcm® (a) ; 4.9 x lOVcm® (b) ; and 

3. 1 X lOVcm* (c) . = 2. 54 cm for all cases, 

after Hall, et al, [46], 



Figure E-5. Electric field enhancement by the sheath at front and rear 
of a conducting sphere as a function of ion density, data for a 90 eV 
ion stream, after Hall, et al. [46). 
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variety of test body potentials, as indicated, after Clayden and Hurdle (47) 



ORIGINAL PAGE IS 
OF POOR QUALITY 




0,02 

o — . 





Z/R 


R^-10 


S-7.1 


(d) 

Figure E-7. Contours of equal normalized current density (a), (b), and (c) 
for the indicated conditions. Contours of equipotential, = (e<l>/kT ), 
for the indicated conditions, after Skvortsov and Nosachev [48], 


248 


OF Hoo:; q:.“.i!Ty 


V 






0 1 Z p/a 


Figure E-8. Ion current density profiles (transverse) behind spherical test 
bodies of different diameters but the same Debye ratio, R^, for the 

indicated conditions and distances downstream. Closed circles, 

R = 1 cm, open circles, R = 2 cm, after Skvortsov and 
o o 

Nosachev [49]. 



Figure E-9. Transverse profiles of normalized ion current for (a) = 

-0.05; (b) = -0.25; (c) = -0.5; open circles T = 1 eV, 

b b e 

closed circles, T =3.1 eV, after Skvortsov and Nosachev [49J. 
e 
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Figure E-lO, Schematic of variable potential test body (a); ion current 
density profiles along the Z-axis (b), after Sajben 
and Blumenthal [ 50] . 
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Figure E-11. Transverse profiles of ion current density downstream from a 
small cylindrical test body for S = 6, = 0.005, and = -3.5; (b) axial 

ion current density profile for same conditions as (a) compared with 

potential profile predicted by Rand (4); and (c) transverse ion 

current density profiles for a small cylinder for S == 28, 

R , = 0.2, and <t. = -3, after Hester and Sonin [341. 
d b 


251 




14 12 10 08 06 04 02 0 



Figure E-12, Calculated and observed ion stream deflection produced 

1 / 

by a small cylinder for S = 5. 7, = 0.005 and */S as indicated, 

after Hester and Sonin [341, 




Figure E-13. The far wake ion current density distribution f r a sphere at 
floating potential and negatively biased; S= 5.7, = i,8 (r.i ifiodel), and 

0.7 (at position of last trace due to axial variation of plasma stream) 
with = -3.5 (left) and = -20 (right), after Hester 

and Sonin ^3 ] . 


252 



ORIGINAL PAGE IS 
OF POOR QUALITY 



Figure E-14. Ion current density profiles in the wake of a large cylinder for 
S = 2s , R = 39, and (a) = -50 and (b) 4>, = 0; and (c) a large sphere for 

D D 

S = 5, R^= 46, and -3.5, after Hester and Sonin [51,5r‘ 



Figure F-15. Icn un ,.t density along the wake axis as a function of test body 
potential for various ion stream e»'ergies, after Knott and Petersen (541, 
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Figure E-16. The ion current density in the wakes of spherical test bodies for 

the indicated conditions, P = 1,6 x 10“’ torr, S= 10 (except under the 

Z„-axis where S ^ 0) , E. = 20 eV, T = 1400 to 2000* K, X-axis 
2 * 1 eo 

= f(T^/Tp, Y-axis = Z-axis = 

a^ter Fournier and Pigache (581, 


■'j 
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PLASMA CONDITIONS 

ELECTRON cucar<v OEBVE LENGTH APPARENT ELECTRON TENIKRATURE <®K» 

N(m'^| kT IimWI \«Mnl 0-0* 0-100* COMPLETE SPHERE 

DENSITY 


5X 10^^ 

40 

2*1 

400 

496 

520 

4X10’\ 

23 

1 S 

270 

330 

300 

2-4 X 10’® 

54 

11 

030 

600 

790 


F^re E-17. Electron current, T , as a function of probe potential, $ 

e p 

(with respect to plasma potential), after niiano and Storey 157] . 





7X 10^ 


Figure E-18. Effects of slow ion concentration (proportional to chamber 
pressure indicated in the figure) on the near wake stn-cture, 

after Margin and Cox [SO], 255 
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Figure E~19, Axial profiles of normalized ion current density for (a) H 

1100 o , T = 2700*K, J = aOuA/cm^ and V /c. = 1.95; (b) H = 1900 Q 
e’ o oi < 

30pA/cm^, andV^/c^= 2*6. Points = experiment, line (l) = 

neutral approximation, line (2) = electric field included in theory, 
after Bogashchenko, et al. 161) • 
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Figure E-20, Positions of relative I J/J^l -extrema, data from 
Bogashchenko, et al. (61j. 




Figure E-21. Axial profiles of normalized ion current density downstream 
from a plate oriented normal to the plasma flow direction for (a) V =1,4 

X lO’ cm/sec, V /c. = 1.4 and H = 700 (1), 1100 (2), and 1500 O (3). 

O 1 

(4) are calculated values; (b) V = 1.4 x 10® cm/sec, V /c. = 15, 

' ' ' o o 1 

H = 1100 O for 2R = 3.5 (1) , 5 (2), and 7 mm (3) where (4) 

© o 

gives calculated values and (c) = 1. 5 x 10® cm/sec, 

V /c . = 1. 5, R /R_ , = 0.45 for 2R = 3. 5 mm, 
o 1 c L(i) o 

H = 1000 (l) ; 5 mm, 700 (2) ; 7 mm, 500 (3) ; 

and (4) giving calculated values, after Astrelin, et al. {62] . 
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APPENDIX F. DIAGNOSTIC INSTRUMENTS AND 
ANALYSIS TECHNIQUES 


This appendix is intended to provide a basic understanding of some of 
the commonly used diagnostic instruments and analysis techniques used in the 
present study and in some of the in situ and laboratory studies reviewed in 
Appendices D and E. It is not intended to be a detailed or comprehensive 
treatment of the subject. The reader interested in such detail is referred to 
several outstanding works already available [90,91,92]. 

1. The Langmuir Probe 

The Langmuir probe, shown schematically in Figure F-1, is essentially 
a metallic electrode which is immersed in the plasma and swept by an applied 
potential ranging fron. a few volts above to a few volts below the plasma space 
potential. Note that, with the exception of probes with spherical geometry, all 
probes must be guarded to eliminate the effect of fringing fields. The electron 
current drawn from the plasma by the electrode as a function of applied voltage 
has the chauracleristic shown in Figure F-1. The Langmuir probe collects both 
ion and electron currents, depending on its potential with rerpect to the ambient 
plasma. The massive ions do not respond appreciably over small ranges of the 
voltage sweep and, therefore, the ion current remains relatively constant. 

The electron current, however, varies greatly. At the negative end of the 
sweep, all electrons will be repelled and the probe is said to be in the ion 
saturation region (region 1 in Figure F-1). As the probe potential becomes 
less negative, the more energetic electrons penetrate the potential barrier and 
the electron current begins to grow as the probe becomes more positive. This 
portion of the instrument characteristic is called the electron retarding region 
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(region 2 in Figure F-1) , If the electrons have a Maxwellian energy distribu- 
tion, an exponential I-V relation results, which is described by the equation 


I = exp(eAU/kT^) , (F-l) 

where AU is the potential difference between the probe and the plasma and 
is the current collected when A U = 0. Eventually, with further increases in 
the probe potential, electrons of all available energies will be collected. At 
this point the characteristic again changes since further increases of the elec- 
tron current come from expansion of the plasma sheath (and therefore the 
effective collection area) and not the electron retarding process. This region 
of the curve is called the acceleration, or electron saturation region (shown 
as region 3 in Figure F-l). 

If the electrons have a Maxwellian velocity distribution, then equation 
(F-l) describes the electron retarding region and a plot of ^n( j^) against the 
probe voltage in this region takes the form shown in Figure F-2. The length 
and linearity of the straight section of the curve are measures of the degree of 
Maxwellianality of the electrons. The slope of the strai^t section is propor- 
tional to T^, as shown. The break point (where the electron current deviates 
from an exponential dependence) is the point at which electrons of all energies 
reach the collector. This point is therefore taken to represent the plasma 
potential. Since there is no acceleration of the electrons at this point, their 
dens it' s related to the current simply by: 


T 1 - A 

I = - — cn c A 
o 4 o e 



(F-2) 


where A is the area of the probe. 

The Druvystene analysis technique, which also applies to this type of 
probe, will be discussed in F. 6. 

Some of the experiments reviewed in Appendix E have used an electrode 
b ased at a fixed, slightly negative potential to measure the relative ion current 
n ity. This assumes that, while the potential is sufficiently negative to repel 
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the electrons, the ions are not significantly affected. In terms of the above 
discussion, this is equivalent to operating a Langmuir pjobe in the ion satura- 
tion region. 


2. The Emissiv'e Probe 

The emissive probe, which is used to determine the plasma or space 
potential, consists of a small, emissive tungsten wire loop. By measuring the 
total probe current at an emissive condition as a function of the £q)plied potential 
and subtracting the usually small Langmuir current (which is determined at a 
non-emissive condition) , the characteristic of the emitted electron current can 
be obtained. This curve is similar to an inverted Langmuir characteristic 
because the electron current flows into the plasma rather than being extracted 
from the plasma. The intersection of the emission-limited region of the curve 
with the Boltzmann region occurs at the plasma potential. This position may be 
determined more accurately than with a Langmuir probe as a result of a 
substantially higher probe current [93]. 

3, The Faraday Cup 

The ion current density of the plasma beam is determined by Faraday 
ceps, or ion traps, which consist of a collector and two grids (Figure F-3). 

The first grid shields the plasma from the negative potential £q>plied to the 
second grid which repells electrons, allowing the cup to collect only the ion 
current. This is related to ion number density oy the relation 

I = /3r.. y A , 
i o 

where is a transparency factor for the grids, n. is the ion number density, 
is the electric charge per ion, is the directed ion velocity, and A is 
the area of the Faraday cup aperture. Notice that the cup is designed with a 
deep collector and wedged bottom to minimize loss of secondary electrons, 
which would produce an artificially high ion current. 
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4. The Retarding Potential Analyzer 


The RPA works on the same retarding principle as the Langmuir probe. 

However, in this case one species of particles is screened out and the retarding 

potential is applied to a grid rather than to the collector. A schematic of a 

planar, gridded RPA is shown in Figure F-4. The diaphragm limits the 

entrance area so that all ions, over the range of incident angles expected, 

reach the collector. The first grid shields the plasma from internal voltages. 

The second grid repells one type of particle (usually electrons) . The third 

grid is swept from slightly below plasma potential (when all ions are collected) 

to some positive potential at which all ions are repelled. The fourth grid repels 

secondary electrons back into the collector. 

The form of the collected current as a function of retarding potential is 

shown in Figure F-5(a) . Note that it is the integral of the particle energy 

distribution (due to the component of velocity normal to the instrument face). 

Therefore, the derivative of the collected current gives the energy distribution, 

as shown in Figure F-5(b) . In the present study, the average Lon energy was 

of most concern and this was determined by the voltage corresponding to I /2 

o 

(an approximation of the inflection point) . 

If the data are digitized and analyzed on a computer, then a more 
eloquent analysis technique, which also yields the ion density and temperature, 
is to fit the data with the planar RPA equation: 

I = I /JvAe S n. fl + erf (a .v^ + ~ — exp(-o .V.^)! (F-3) 

i L V J 

where 


/3 = grid transmission factor 

V. = V, cos 6 

1 1 

6 = angle of attack 

A = area of aperture 
1 / 

tv . = (M./2kT.) 2 

1 ' 1 V 
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and the remaining symbols have the usual connotation. Note that for multicom- 
ponent plasma, either the velocity or mass of the constituents must be assumed. 
In the laboratory, the mass is always known, whereas, in the ionosphere, the 
orbital velocity is known (which is E^proximately the velocity of all 
constituents) . 


5. The 127° Electrostatic Energy Analyzer 

The energy spectrum of ions in the plasma stream is dete^'mined by a 

127° electrostatic analyzer. In the present study, the radius of the deflection 

channel, r , was chosen to be 50 mm with an electrode separation of 15 mm 
o 

(Figure F-6) . This produces the following ratio of deflection voltage to ion 
energy: 


U 


deQ 


E 


(2/e) j?n (fj^/rg) = 0.6/e . 


(F-4) 


This particular ratio provides accurate determination of ion energies 
ranging from a few eV to several hundred eV, which is the characteristic range 
for ionospheric simulation. The electrode separation limits the maximum and 
minimum radii of off-axis ion trajectories and it follows from the equation. 


r . = V (1± a /^f2) 

max, min o m ' 


(F-5) 


that the maximum vertical half angle, a , for which the ions are focused on 

m 

the exit slot, is 11. 5°. A collimator window at the entrance slot eliminates 
ions with larger incident angles. 

The im£^e width given by the relation B = (4/3) a ^r^ is 2. 7 mm. An 
exit slot of 2. 0 mm was chosen to further improve resolution. The deflection 
radius and exit slot width imply a velocity resolution of V/dV = 50. Ions 
passing through the exit slot are detected by a Faraday cup or, for low density 
beains where higher sensitivity is required, by a Channeltron particle detector. 
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In the present study, current levels were high enou^ so that a simple 
cup collector was used instead of the electron multiplier. The output current 
characteristic as a function of plate volt^e is very similar to the differentiated 
RPA curve shown in Figure F-5. 

6. The Druyvesteyn Analysis Technique 

The Druyvesteyn technique involves an analysis of the derivatives of the 
current collected by an electrical probe rather than the current itself, as was 
done in the above discussions. It applies to all types of retarding potential 
probes, including the Langmuir probe and planar, gridded RPA, discussed 
above. This technique has been used extensively by experimenters at University 
College, London [94,95J. There are a number of aspects to consider in its 
application. For example, the University College experiments use an ac probe 
in which the derivatives are obtained directly by applying a small (millivolt 
range) ac signal to the sweep voltage. This technique was applied to the Ariel 
I planar Langmuir probes as well as the spherical ion trap (or ion mass 
spectrometer) [96]. However, in this section, we wish only to introduce its 
elementary application to Maxwellian particle distributions. 

Recall that the current collected in the electron retarding region was 
given bv 

‘ = ct ] • 

This expression is based on the assumption 
applies to the electrons but not to the ions, 
of equation (F-6) with respect to (p are: 

^ - 7^ I F 7^1 

d<p kT o ^ L 


(F-6) 

kT >> i mV It therefore 
2 o 

The first and second derivatives 
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and 


d^I 




(F-8) 


Thus, the temperature of the particles is found simply from the ratio: 
(dI/dT)/(d^I/d^^) = kT/e. Once T is known, can be calculated from dl/d<t> 
at some known value of (p. Then the electron density is found simply by the 
expression; 


I = — enc = 
o e 



(F-9) 


The Druyvesteyn technique applies equally well to the analysis of the ion 
concentration [96] (related to dl/d0) and energy distribution (related to 
dH/d({?) although the derivation is far more complicated since 1/2 > kT. 

and, therefore, the ion kinetic energy must also be considered. Note that in 
the ionosphere, where C. < V and, therefore, all ions may be considered to 
have a kinetic energy of 1/2 m.V^^, the retarding analysis reveals differences 
in ionic mass. This is the basis for using the Ariel I spherical RPA (or ion 
trap) as a type of mass spectrometer. 
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igure F-3. Faraday cup assembly. 
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Figure F-6. Schematic o: 


APPENDIX G. THE DIFFERENTIA L ION FLUX PROBE 


The Differential Ion Flux Probe (DIFP) • ahown schematically in Figure 
G-ly consists of an electrostatic deflection system mounted on the front end of 
a standard planar RPA. This instrument allows direct measurement of the 
differential ion flux at a fixed region in space and in the presence of multiple 
ion streams. In other words, it gives the angle of incidence of an ion stream, 
the drift energ:, corresponding to the mean velocity of the stream, and the 
distribution of tliermal motion superimposed on the drift. 

The deflection system is made up of an entrance slit, which is flarJced 
by two deflection plates and an exit slit. It functions much like similar devices 
in ^ athode ray tubes; i.e. , a stream of ions entering the entrance slit at some 
angle to the normal, 6, and some kinetic energy corresponding to the mesui 
velocity, E, will be deflected into the exit slit by implying some specified 
voltage, <p of opposite polarity to the two deflection plates. 

After passing through the deflection system, the ions enter the planar 
RPA. (In principle, this section may consist of any type of energy analyzer, 
although an integral instrument such as the planar RPA makes coupling with the 
differential deflection system easier.) The deflection voltage, 0^, and the 
retarding potential, provide two known variables that can be used to deter- 
mine the two unknown characteristics of the ions, e and E. 

In practice, a ramp generator is used to apply a sweep voltage to one 
deflection plate while the inverted ramp is used to sweep the other plate. In 
this mode, the deflection system acts as an energy-angle filter. It has a 
characteristic ’’window" in flE-space. The size of the window is primarily 
determined geometrically by the width of the slits, the distance between them, 
and the angle of incidence of the ions. There is a slight additional variation in 
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window size, over the range of the instrument, which depends on the geometry 
of the deflection plates and the voltage applied to them. 

For sin^licity, we will assume for the moment that all ions have the 
same kinetic energy and differ only in their angle of incidence on the probe. 

In this case, when both deflection plates are at ground potential, no deflection 
takes place, and particles within A 0/2 of the normal will pass through the 
deflection system (Figure G-1). The angle, A0, represents the characteristic 
window, which is now only in 0-space, since E is fixed. 

As is swept, the window, A0, moves through a range of incident 
angles, 0 < 0 < n . The window can be swept through the (^posite range, 

0 > 0 > -12, by reversing the polarity of the deflection plates. (For the data 
presented herein, A 0 ca 10® and Q ±50® . ) 

The current passing through the deflection system and into the RPA, 
is measured as a function of deflection voltage by setting the retard- 
ing potential, <i> , at ground and sweeping <p If an ion stream is present, the 
r d 

collected current will display a spike at a critical value of the deflection voltage, 
<t> which corresponds to the particular combination of kinetic energy, E, and 
angle of incidence, 0, of the stream. Some examples of the ion current col- 
lected in this mode are shown in Figure G-2. These data were obtained in th 
MSFC No. 1 plasma chamber. The DIFP was located 1.25 m downstream and 
could be rotated to provide different angles of attack to the plasma flow. 

The plots of Figure G-2 show the current collected with the instrument 
at 10® intervals of angle of attack to the plasma stream. Figure G-2(a) gives 
the current response to a 10 eV ion stream, and Figure 2(b) the response to 
a 20 eV stream. In each case, instead of producing a simple spike (expected 
for a monoenergetic stream and perfect resolution) , the current is spread 
around a maximum at as a result of finite instrument resolution and 
thermal motion of the ions. The variation in the amplitude of the current 
maxima with angle of attack will be discussed later. 

At this point (after the ions have passed through the deflection system) , 
neither the angle nor the energy of an incident ion stream is known. However, 
the pair (0, E) must satisfy a known relationship: 
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(G-1) 


f(0,E) = 0^* 

This relationship is characteristic of the deflection system and must be satis- 
fied by any ion passing through it. 

There is an obvious shift of the current peaks ( Figure G-2) to higher 
values of deflection voltage with the increase in energy. This displacement of 
the ion current peaks with increasii^ kinetic energy of the ion stream is shown 
explicitly in Figure G-3 for a fixed angle of attack. The resulting dependence 
of the critical deflection voltage on the kinetic energy of the ion stream is given 
in Figure G-4 for ten-degree increments of the angle of incidence. This shows 
the energy dependence of the characteristic relationship (G-l) to be linear. 

It is therefore possible to normalize this function in terms of kineti- energy to 
obtain: 


[0^*/Ej = f(0.E)/E - g(e) = /3sin(«e) (G-2) 

where ^ and p are empirically determined constants. This expression must 
also be satisfied by all admissible ions. 

The normalized characteristic relation (G-2) is shown in Figure G-5 
along with experimental values derived from calibration data (similar to that 
shown in Figure G-2) taken for ion drift energies ranging from 10 to 50 eV. 

With the exception of the data for the lowest energy (lO eV) ion stream, all 
data points fall essentially on the same curve as expected. The angular dis- 
placement of the data points corresponding to a 10-eV ion stream can be 
explained by the deflection of the ions in the earth’s magnetic field. The gyro 
radius for more energetic ions is sufficiently large to produce a negligible 
deflection at the distances involved. 

To determine the kinetic energy corresponding to the mean velocity of 
an ion stream, the instrument is operated with the deflection voltage fixed at 
0^*, corresponding to the current peak, 1(0^*# 0^.= 0) » of a particular stream 
of ions. The kinetic energy of the stream is then determined in the standard 
way from the dependence of the collected current on the retarding potential, 0^. 
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Having determined the kinetic energy of the ions and the critical deflec- 
tion voltage, the angle of incidence of die corresponding ion stream can be 
obtained from the characteristic curve given in Figure G-5 [or from equation 
(G-2)]. 

We should note that these are first-order values. The value of E will 
generally be in error as a result of the ions entering the RPA section of the 
DIFP at some angle to the normal (given by a in Figure G-1). 

The angle, <y , will be non-zero for any ion stream that is not aligned 
with the probe axis. However, theoretical ray tracing indicates that it will be 
considerably smaller than the angle of incidence for the ion stream onto the 
deflection system aperture. Therefore, the accuracy of the kinetic energy of 
the ions, determined by the RPA section, should be improved by the deflection 
system. 

Figure G-6 shows the experimentally determined error incurred in E. 
as a function of angle of incidence. (The fact that the measured error for 
e = 60* is less than lO'Tf substantiates the claim, made above on the basis of 
theoretical ray tracing, that the angle a will be less than the initial angle of 
incidence, ) A second-order (corrected) E can be found by using the correction 
factor from Figure G-6, corresponding to the first-order value of e. This, in 
turn, allows a more accurate determination of 0 from Figure G-5. This 
iterative procedure can be continued until the (0»E) pair converge on the 
correct values. 

If multiple ion streams are present, separate current peaks would 
normally be observed at different values of corresponding to each stream. 
However, the possibility exists that two or more ion streams could have 
energies and angles such that they all would pass through the deflection system 
for a common value of . As a result, the l(0^»0j. = 0) curve would have 
only a single peak. In such a case, the presence of the multiple streams would 
be readily detected by the corresponding RPA curve which would reveal multiple 
energy levels, one corresponding to each ion stream present. 
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If the ion stream is monoenergetic, as originally assumed, then we have 
completely determined one component of its velocity vector (assuming m^ to 
be known) . The remaining two components can be obtained by vector addition, 
using results from a second DIFP with its deflection system rotated 90*. 
However, if the ion population has some thermal motion superimposed on the 
drift motion, we still must determine the distribution of thermal motions for 
the stream. If the thermal motion is Maxwellian, then the temperature can be 
obtained from standard RPA analysis of 1{<P ^ When the thermal motion 

is not Maxwellian, it appears that it may be possible to obtain the exact distri- 
bution function from the shape of I(d^> = 0) current peaks such as those 

shown in Figure G-2. Additional work is required to evaluate this aspect of the 
technique. 

In addition to the mean kinetic energy, the thermal energy distribution 
and the drift direction of a stream of ions, the full characterization of the 
stream requires the number density of ions, n. . If the ion stream is normally 
incident on the DIFP, the deflection system acts as an aperture to the RPA 
section. When the retarding potential is at ground and thermal motion is 
neglected, the total ion current is related to the ion number density by the 
relation: 

1 / 

= en^/3A(2E/mj) ^ , (G-3) 

where 

I = Collected current for 0=0,0 =0, 0.= O 

o r d 

e = Electronic charge 

n = Ion number density 
i 

P = Grid transmission factor 

A = slit area 

E = Ion kinetic energy corresponding to the mean ion velocity 

m^ = Ion mass. 
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The above expression is only valid when either the ion stream is mono- 
energetic (qE = 1/2 mU^) , or the component of thermal motion normal to the 
flow direction, is negligible; i.e., U » The later case occurs, 

for example, in certain types of laboratory synthesized plasma streams, where 
the ion generation and extraction processes can create streams having appre- 
ciable random ion motion only in the flow direction 197J. 

In the more general case, where U » (v.. ). cannot be assumed, one 

tn'i 

must consider the additional reduction in ion current produced at the second 
slit by dispersion of the ions after they pass throu^ the first slit. This 
problem does not lend itself to a concise, analytical solution, is not necessary 
for the present laboratory application, and therefore will not be dealt with here. 

The magnitude of the peak currents obtained over the angular range of 

the instrument for various ion beam energies is shown in Figure G-7. Each 

curve represents the amplitude envelope of the current peaks, 1(0^*, 0) » 

obtained at a particular energy over a range of angles of incidence (e. g, , the 

sets of current peaks shown in Figure G-2) . For comparison, the curves have 

been normalized to the values at ±20® . This was necessary because a dip in the 

observed ion current occurs over the range -20® < 9 < 20 ° for all curves 

corresponding to ion drift energies of 20 eV or greater. This apparently 

results from electron penetration of the screen grid (Figure G-1) which, due 

to the experimental setup, was biased at -15 V for all mea' urements. The 

electron penetration apparently did not occur at angles greater than ±20® as a 

result of the increasing value of o , which deflected them away from *^he exit 

d 

slit. 

The values of I^, given by equation (G-3) , correspond to the current 
peaks at 0=0. 

If the DIFP is to provide a technique for measuring the differential ion 
flux (or the ion flux vector) in the plasma flow field around test bodies in the 
laboratory, it is essential that it be capable of measuring the differential ion 
flux in the presence of multiple ion streams; i.e. , ion fluxes that differ in 
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direction and/or mean kinetic energy. This capability has been adequately 
demonstrated by preliminary laboratory data, some examples of which are 
discussed below. 

The data shown in Figure G-8 were obtained with the instrument located 
42 cm downstream from and directly behind a cylindrical body. The cylinder 
had a radius to Debye length ratio ~20 and a length sufficient to 

ensure an essentially two-dimensional flow field. The deflection system of the 
DIFP was mounted with the collimating slits parallel to the cylinder axis 
(hence, analyzing ion flux in a plane normal to the cylinder axis). 

Figure G-8 is a composite of curves obtained with 

different biases on the cylindrical body, as indicated. The polarity of the 

deflection plates was reversed in each case so that current peaks obtained at 

negative values of correspond to ion streams with negative angles of 

incidence; and those obtained at positive ’-alues of ^ indicate positive angles 

d 

of incidence. 

In each case, at least two ion streams were observed as expected, one 
deflected from each side of the body by the potential gradient in the plasma 
sheath. With the body at floating potential (body bias = OV) two streams were 
observed from each side of the body. (This may result from a non- 
monotonically decreasing sheath potential or possibly from additional deflections 
of the ions by potential gradients in the wake region.) Hence, the DIFP has 
clearly resolved up to four ion streams converging simultaneously to a single 
point. Also, the angular resolving power of the instrument is demonstrated 
by the two minor streams observed for the zero bias case, which are separa‘?d 
by only ~ 3. 5° . 

As discussed previously, the DIFP also allows one to correct the 
particle kinetic energy when the Ion stream Is not normally incident. This 
Is especially Important in plasma flow interaction studies where, due to elec- 
trostatic deflections within the plasma sheath, the angle of incidence to the 
normal may be large. A comparison of the deflection voltages, at which 

current peaks are observed in Figure G-8, with the calibration curves of 
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Figure G-2(b ) , shov/s that the deflection of ions by the sheath potential ranges 
from ~10®, for the dominant streams generated by a floating body, to ~40* 

•when a bias of -40 volts is applied. The present results show that both the ion 
kinetic energies and the ion number densities determined by a standard RPA could 
have resulted in sizable errors. As demonstrated by the data of Figure G-8, 
the DIFP is capable of making these t 5 T>es of measurements accurately, which 
will make possible meaningful comparisons with the distribution functions 
obtained from kinetic theory. 
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RPA SECTION DEFLECTION SECTION 



Figure G-1, Differential ion flux probe schematic (shov/ing a cut 
through the instrument in a plaiie normal to the deflection 
system slits), after Stone [71], 
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£ - lOev (B) E ■ 20 #v 

Figure G-2. Ion current, 1{<P 0) , at various angles of attack, e, for (a) a 10 eV ion 

stream, and (b) a 20 eV ion stream, after Stone [71], 
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igure G-5. Normalized critical detlection voltage, (0^*/E), as a liUiCtion at angle 

of attack e, luter Stone [71], 
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igure G-7. Composite amplitude envelope for ion current peaks, 1(0 

d 

as a function of angle of attack (normalized to the peak amplitude 
at 0 = 20*), after Stone [71}, 
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CYLINDER Z = 42cm E = 19«v 


Figure G-8. Ion current, 1(0 = 0) , as a function of deflection voltage 

dr 

in the presence of multiple ion streams created by a long cylindrical 
body 42 cm upstream with E = 19 eV. (The zero bias voltage 
case is amplified by a factor of 10) , after Stone [71] . 
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